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ABSTRACT 
 
 
 Phreatic overgrowths on speleothems (POS) are one of many sea-level proxies 
available to Quaternary geologists in Mallorca; these carbonate encrustations form at 
the air-water interface in cave passages flooded with brackish water. POS are ideal for 
reconstruction of western Mediterranean sea level because they are widespread in 
Mallorca’s caves, can be precisely dated by U-series methods, constrain sea-level stands 
to sub-meter elevation, and are well preserved and accessible in the subterranean 
environment.  
 This research investigates the POS depositional environment, which is relatively 
understudied compared to the other proxies used for sea-level reconstructions. This 
disparity has led to assumptions on many aspects of the POS precipitation. Further, 
POS are typically composed of calcite, but sometimes the metastable polymorph 
aragonite is present instead. Two caves were studied because of the presence of a 
modern POS horizon of aragonite and calcite: Cova des Pas de Vallgornera 
(Vallgornera) and Coves del Drac (Drac), respectively. 
High-resolution air and water physical parameters were collected for the first 
time, along with monthly water samples for stable isotope and elemental analysis. This 
16-month record was supplemented with detailed geochemical studies throughout the 
project, including water-column profiles and CO2 sampling campaigns. 
	   ix	  
The water level in both caves preserves the semi-diurnal Mediterranean Sea tide 
signal, with a lag of approximately four hours. The fluctuation in both caves is slightly 
attenuated, and the direct effects of barometric pressure and precipitation could not be 
discerned from the primary control of tidal pumping. Calculations based on salinity 
and isotope analysis show that less than 20% of the solution in each cave is seawater. 
Degassing of CO2 from the cave water to air was documented at both locations, 
with sporadic calcium carbonate supersaturation. These conditions are strongly 
dependent on annual cave ventilation, which becomes active during winter when cold, 
dense tropospheric air sinks into the subsurface. In addition to seasonal thermo-
circulation, fluctuating water level displaces cave air and likely initiates tropospheric 
exchange throughout the year. This process primarily occurs through fissures in thin 
overlying bedrock at Vallgornera and through the large entrance in Drac.  
Higher elemental ratios (Mg:Ca, Sr:Ca, Mg:Sr) known to enhance aragonite 
precipitation or inhibit calcite precipitation were recorded in Vallgornera’s water. A 
linear correlation with salinity was not observed, so higher ratios in Vallgornera must 
be contributed from differences in lithology, bedrock weathering intensity, or nearby 
rising thermal waters. 
In summary, this research confirms POS strengths as sea-level proxies from 
geochemical and hydrological perspectives. These carbonate encrustations are 
precipitated at the air-water interface, which fluctuates as an attenuated expression of 
Mediterranean Sea tide. Degassing of CO2 from the cave water to air, which promotes 
calcium carbonate supersaturation, is the major control on POS deposition, and is 
	   x	  
facilitated by winter ventilation and likely water-level fluctuations. CO2 degassing (and 
theoretically precipitation of POS) in isotopic equilibrium is possible in caves with 
restricted ventilation (small/sealed entrances, small passages). Aragonite may be 
precipitated instead of calcite because of local modifications to the geochemical system 
from bedrock weathering or contributions from deep groundwater.  
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CHAPTER ONE: 
DISSERTATION OUTLINE 
Introduction 
Global sea level and Earth’s climate are closely linked. Sea-level change reflects 
the cyclic waxing and waning of continental ice sheets and has the potential to test the 
Milankovitch Theory of Earth’s orbital forcing on global ice-volume changes (Lambeck 
& Chappell, 2001; Alley et al., 2005; Milne et al., 2009). The Milankovitch hypothesis 
suggests that the amount of summer insolation received at high northern latitudes 
triggers the timing of glacial cycles (Milankovitch, 1941). To date, the primary evidence 
of a close link between insolation forcing, ice-sheet growth, ice-sheet melting, and sea-
level change comes from deep sea sediments, U/Th-dated coral terraces, and 
submerged speleothems (i.e. stalagmites, flowstones) (Shackleton, 2000; Gallup et al., 
2002; Edwards et al., 2003; Antonioli et al., 2004; Alley et al., 2005; Thompson & 
Goldstein, 2005; Dutton et al., 2009; Siddall et al., 2009). Today, over one-third of the 
world’s population lives along low-lying coastal areas, and for these areas, future sea- 
level rise (even small amounts) is likely to have substantial societal and economic 
impacts (Milne et al., 2009).  
The history of sea-level change throughout the Quaternary indicates 
considerable spatio-temporal variations that contain information about a wide range of 
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Earth and climate processes, and several scientific disciplines benefit from 
understanding this variability. Despite a number of efforts, the relative estimates of sea 
level based on one or more of the above-mentioned proxies show discrepancies 
attributed to a variety of causes.  
Since uncertainties of some type are inherent to the methodologies and settings 
of all sea-level reconstructions, there is a continued need for additional, independent 
sources of sea-level data that may provide unique insight and validation to the 
established framework of former eustatic changes in sea level. Mallorca is a world-
renowned location for Quaternary sea-level research because of the island’s rich 
deposits, which have been investigated extensively. Coastal features including wave-cut 
notches, fossil assemblages, and beach deposits document former sea-level stands 
(Butzer, 1962; Hearty et al., 1986; Gonzalez-Hernandez et al., 2001) but have drawbacks 
related to preservation, integrity (due to reworking), and lack of accessibility (lowstand 
deposits). The coastal caves of Mallorca host unique phreatic overgrowths on 
speleothems (POS) that provide an additional source of sea-level data (Gines & Gines, 
1972; Tuccimei et al., 2006; Dorale et al., 2010) and can precisely document and 
potentially test the elevation and timing of various sea-level stands in the western 
Mediterranean region.  
POS are carbonate encrustations composed of calcite or aragonite and form at the 
air-water interface in cave passages flooded with brackish water. Since the cave water 
level is controlled by Mediterranean Sea level, POS constrain current and former sea-
level stands to sub-meter precision. Additionally, POS are excellent sea-level proxies 
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because they are widespread in Mallorca, can be dated using U-series methods, and 
evidence of high- and lowstands are well documented, preserved, and accessible.    
 
Aim of the Dissertation 
 Whereas POS have been extensively used to reconstruct western Mediterranean 
sea-level stands (Vesica et al., 2000; Tuccimei et al., 2006, 2012; Dorale et al., 2010; Ginés 
et al., 2012a), relatively few studies have focused on characterizing the depositional 
environment of POS in Mallorca (Pomar et al., 1976, 1979; Csoma et al., 2006, Ginés et 
al., 2012a). To understand the dynamic interactions between physical parameters in the 
cave water and air, sensors were installed to collect high-resolution data for 
temperature, CO2, water level, and barometric pressure in Cova des Pas de Vallgornera 
(Vallgornera) and Coves del Drac (Drac). These data were analyzed with time series 
methods, including comparison with supporting data from local weather stations and 
tide gauges. Monthly water samples were collected for stable isotope (hydrogen, 
carbon, and oxygen) and elemental (Mg, Ca, and Sr) analysis, supported by less-
frequent in-depth water-profile and cave-atmosphere sampling campaigns. 
 The two study caves were chosen because of the difference in POS mineralogy at 
each site: the current POS horizon in Vallgornera is aragonite, while calcite is found in 
Drac. Vallgornera, located near the village of Cala Pi (Llucmajor municipality), is a 
protected site within the Natura 2000 Network (Council Directive, 92/43EEC); with 
over 74 km of passage it is the largest mapped cave on the island (Merino et al., 2014). 
Drac is the most-visited cave in Europe (Robledo & Durán, 2010) and is located under 
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the city of Porto Cristo in the eastern part of the island. The 2.4 km cave (Ginés & Ginés, 
2011) includes two separate branches: one hosts the tour route and the other is visited 
only for research purposes, including this study. 
  
Major Findings and Conclusions 
 In chapter 2 we use water profiles to characterize saturation index, stable 
isotopes, element concentrations and physical parameters (temperature, pH, salinity) of 
the upper water column to understand the air-water interface at both cave sites. Salinity 
increases with depth in each profile, indicating mixing between meteoric and marine 
sources. Stable isotopes provide evidence of degassing of CO2 from the water surface in 
Drac facilitated by efficient cave atmosphere ventilation. Conversely, Vallgornera’s 
smaller-diameter passages and sealed entrance limit ventilation and therefore CO2 
degassing. Supersaturation with respect to carbonate minerals was not always observed 
in either cave, and no encrustation formed on an artificial support installed for this 
study, indicating that precipitation is currently not occurring. Ion concentration data 
indicate that Vallgornera’s waters contain higher ratios (Mg:Ca, Sr:Ca, and Sr:Mg) 
known to enhance aragonite precipitation and/or inhibit calcite precipitation (Berner, 
1975; McMillan et al., 2005; De Choudens-Sánchez & González, 2009; Niedermayer et 
al., 2013). These elevated ratios do not correlate with salinity and may be sourced from 
more intense bedrock weathering, different lighology, higher residence time of meteoric 
water in the bedrock above the cave and/or rising thermal waters at Vallgornera.  
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 In chapter 3, we evaluate the effects of external forcings on each cave 
environment. We present high-resolution 16-month records of water level, air and 
water temperature, barometric pressure, and partial pressure of CO2 (pCO2) for both 
caves, and use time series analysis to evaluate the roles of Mediterranean Sea tide, 
surface temperature, and daily precipitation on cave conditions. Water level in both 
caves is an attenuated expression of semi-diurnal Mediterranean Sea tide, lagging 
approximately four hours. Surface temperature controls cave pCO2, with ventilation 
driven by colder, denser tropospheric air sinking into the subsurface. This process 
happens during winter months, when higher pCO2 cave air is partly replaced. 
Rising/falling water level also drives cave-troposphere exchange throughout the year 
by displacing high-pCO2 cave air. 
 In chapter 4, we utilize stable isotopes in the air and water to elucidate the 
endmembers of each reservoir. Cave air samples document that CO2 is contributed 
principally from soil-respired C3 biomass and tropospheric air (Cerling et al., 1991). 
Using salinity and stable isotope data, we show that the solution from which POS 
precipitate is less than 20% marine groundwater (at the study sites). Freshwater is 
primarily recharged during large precipitation events (not significantly enriched by 
evaporation), with a minor fraction of freshwater contributed from percolation through 
the thin (<20 m) overlying bedrock (which is affected by evaporation). Geochemical 
calculations based on measured values and established fractionation factors (Vogel et 
al., 1970; Deines et al., 1974; Mook et al., 1974) indicate that degassing of CO2 in stable 
isotopic equilibrium occurs at Vallgornera, where restricted ventilation allows for 
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slower degassing. Drac’s larger passages and fewer constrictions facilitate ventilation, 
fostering kinetic fractionation during degassing. Precipitation of POS under isotopic 
equilibrium could not be directly assessed due to the lack of deposition over the study 
period, but it may be possible in Vallgornera as evidenced by degassing in isotopic 
equilibrium.  
 In chapter 5, we present total abundance of microbial communities, species 
richness and relative species abundance of Archaea, Bacteria, and microbial eukaryotes 
at the Vallgornera study site and three locations in Drac. Similarities between the 
seldom-visited areas of Drac and Vallgornera indicate similar biological conditions 
between the sites. The samples collected proximal to the Drac tourist route are distinct 
and may be due to the introduction of foreign materials to the water. Biological 
gradients were observed with increasing depth in the water column, implying that 
distinct communities may occupy ecological niches dependent on water conditions. 
This stratification was observed at all sites except along the tourist route in Drac (which 
is disturbed by boats) and attest to the increasing influence of marine water with depth 
in each body of water. 
 In conclusion, this study enhances our understanding of the controls of POS 
precipitation by characterizing the dynamic air-water interface, the solution from which 
POS precipitate, and how the external environment controls cave conditions. The water 
level in the caves is an attenuated expression of Mediterranean Sea tide. CO2 degassing 
from the cave water (partly responsible for calcium carbonate supersaturation) is driven 
by winter ventilation and possibly water-level fluctuations. Cave water is a mixture of 
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meteoric and marine endmembers, while cave air CO2 is a mixture from soil respiration 
of C3 biomass and the troposphere. Aragonite POS are found when the precipitating 
solution is altered by contributions from bedrock and/or rising thermal waters.   
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CHAPTER 2: 
GROUNDWATER GEOCHEMISTRY OBSERVATIONS IN LITTORAL CAVES OF 
MALLORCA (WESTERN MEDITERRANEAN): IMPLICATIONS FOR 
DEPOSITION OF PHREATIC OVERGROWTHS ON SPELEOTHEMS 
 
Note to Reader 
This chapter was published in the International Journal of Speleology, 2014, 
43(2): 193-203. Coauthors on this work include Bogdan P. Onac, Jonathan G. Wynn, Joan 
J. Fornós, Marta Rodríguez-Homar, and Antoni Merino.  
 
Abstract 
 Phreatic overgrowths on speleothems (POS) precipitate at the air-water interface 
in the littoral caves of Mallorca, Spain. Mainly composed of calcite, aragonite POS are 
also observed in specific locations. To characterize the geochemical environment of the 
brackish upper water column, water samples and salinity values were collected from 
water profiles (0-2.9 m) in April 2012 and March 2013 near aragonite POS in Cova des 
Pas de Vallgornera and calcite POS in Coves del Drac (hereafter, Vallgornera and Drac). 
Degassing of CO2 from the water was evidenced by the existence of lower dissolved 
inorganic carbon (DIC) concentration and enriched δ13CDIC values in a thin surface layer 
(the uppermost 0.4 m), which was observed in both profiles from Drac. This process is 
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facilitated by the efficient exchange of cave air with the atmosphere, creating a CO2 
partial pressure (pCO2) disparity between the cave water and air, resulting in the 
precipitation of calcite POS as CO2 degasses from the water. The degassed upper layer 
was not observed in either profile from Vallgornera, suggesting that less efficient cave 
ventilation restricts outgassing of CO2, which also results in accumulation of CO2 in the 
cave atmosphere. The presence of an existing uncorroded POS horizon, as well as 
higher concentrations and large-amplitude fluctuations of cave air pCO2, may indicate 
that aragonite POS deposition is currently episodic in Vallgornera. Ion concentration 
data from monthly water samples collected in each cave between October 2012 and 
March 2013 indicate higher Mg:Ca, Sr:Ca, Ba:Ca and Sr:Mg ratios in Vallgornera. 
Salinity alone does not appear to be a viable proxy for ions that may promote aragonite 
precipitation or inhibit calcite precipitation. Instead, these ions may be contributed by 
more intense bedrock weathering or deep groundwater flow. 
 
Introduction 
A variety of carbonate speleothems are deposited as CO2 degasses from a 
solution containing calcium and dissolved inorganic carbon, thus triggering 
supersaturation and deposition of CaCO3 (Fairchild et al., 2006). Since the beginning of 
phreatic overgrowths on speleothem (POS) investigations in Mallorca, CO2 degassing 
from the cave water has been documented to cause POS precipitation (Pomar et al., 
1976, 1979; Csoma et al., 2006). This is in accordance with the greater understanding of 
the development of floating cave rafts and shelfstones, which form at the surface of cave 
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pools by CO2 degassing to the cave air (Hill & Forti, 1997). 
POS are widespread in the littoral caves of Mallorca, where the level of the 
Mediterranean Sea controls the water table. POS are precipitated at the air-water 
interface in brackish water onto preexisting supports, including previously deposited 
vadose speleothems or cave walls. POS are ideal proxies for sea level-changes, as they 
can be precisely and accurately dated using the U/Th method, and constrain former 
high or low sea-level stands with sub-meter precision (Ginés & Ginés, 1972, 2007; 
Tuccimei et al., 2007; Dorale et al., 2010). Calcite is the dominant mineral in the POS 
precipitated during the Holocene [Marine Isotope Stage (MIS) 1], while the CaCO3 
polymorph aragonite is less common. A notable exception is Cova des Pas de 
Vallgornera (Vallgornera), where POS preserved at the present water level are 
aragonite. However, both calcite and aragonite POS corresponding to previous high- 
and lowstands are also documented in this cave, suggesting that the recent geochemical 
environment is different compared to time periods when calcite precipitated. In Coves 
del Drac (Drac) current POS are calcite but aragonite is also identified in older 
encrustations. For comparative purposes, data from Drac are presented in this paper to 
contextualize observations from Vallgornera.  
Collecting geochemical data and samples from profiles of the upper 
groundwater column allows an evaluation of interactions that take place at the air-
water interface, where POS precipitate. Profiles are commonly used to understand 
stratified bodies of water in karst features, where the freshwater lens, halocline, and 
marine groundwater can be delineated, such as in cenotes and blue holes (Pohlman, 
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2011; Martin et al., 2012). Although the deepest accessible water body was selected at 
each site, neither location was deep enough to sample through the halocline. In contrast 
to the typical Ghyben-Herzberg coastal aquifer model, a distinct freshwater lens is 
absent in these caves. Instead, a transition zone between the fresh and seawater 
endmembers is present with brackish water found in the upper column. Conductivity, 
temperature, and depth data collected by divers with handheld sensors indicate that 
there are multiple layers of increasing salinity with depth before the sharp transition to 
marine groundwater, commonly regarded as the halocline (Gràcia et al., 2011a, b). This 
study investigated the upper 2 m or more of water columns in Vallgornera and Drac 
(Fig. 2.1). 
The goal of this paper is to explain the mineralogical differences observed in 
Mallorca’s POS, assessing the following hypotheses using monthly air and water 
samples and water column profiles at each site:  
1. In general, precipitation of carbonate POS is controlled by CO2 
degassing at the air/water interface. Without a sufficient difference 
between the partial pressure of CO2 (pCO2) of the water and air, 
precipitation will not occur. The rate of degassing is determined by the 
magnitude of the disparity between the pCO2 of the cave water and 
cave atmosphere.  
2. In Mallorca’s brackish cave waters, dense aragonite crystals making up 
the POS precipitate under low rates of CO2 degassing, whereas porous 
and/or dendritic calcite POS are deposited when CO2 outgases at faster 
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rates as documented elsewhere by other studies (Frisia et al., 2000, 2002; 
Niedermayr et al., 2013). 
3. Precipitation of aragonite is controlled by higher Sr:Ca, Mg:Ca, and/or 
Ba:Ca ratios, which inhibit calcite precipitation (Berner, 1975; McMillan 
et al., 2005; De Choudens-Sánchez & González, 2009; Niedermayr et al., 
2013). In the studied caves, these inhibitors may derive from seawater, 
bedrock, or deep groundwater flow. 
4. Field observations suggest changes in salinity affect the kinetics of 
carbonate solution interactions, influencing the mineralogy of the 
carbonate phase (Folk, 1974; Zhong & Mucci, 1989). In the two 
investigated caves, salinity alone is not a suitable proxy for the 
mineralogy of carbonate encrustations or the rate of calcite and 
aragonite precipitation. 
 
Study Area 
Located in the western Mediterranean Sea, Mallorca is the largest island of the 
Balearic Archipelago. The climate is typical of the western Mediterranean with hot, dry 
summers and mild winters. The average annual temperature is 16.6°C, and rainfall on 
Mallorca is highly variable, ranging from 300 to 1,400 mm (Guijarro, 1995). Most of its 
littoral caves are located along the south and east coasts in Upper Miocene reef 
limestones (Ginés et al., 2014). Here, at the mixing zone between fresh and marine 
groundwater, cave passages host water with a range of salinities.  
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Figure 2.1. Locations of the investigated caves in Mallorca and maps of Drac (after 
Ginés & Ginés, 2007) and a section of Vallgornera (after Merino et al., 2011) with the 
locations of the water profiles and monthly samples indicated by stars (★). 
 
Vallgornera is on Mallorca’s southern coast (Fig. 2.1), and is the longest known 
cave on the island with more than 74 km of mapped passage (Merino et al., 2014). The 
area above the cave includes a vacant hotel, residential buildings, and undeveloped 
land. The only known entrance to Vallgornera was opened in 1968 when excavation for 
the hotel septic system intersected a large chamber. As part of its Natura 2000 status, 
access to Vallgornera is only granted for scientific or exploration purposes. Since cavers 
traveling deeper into the cave avoid the study location, only minor effects of human 
visitation are expected. 
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Drac is located on the eastern coast (Fig. 2.1) near the village of Porto Cristo. 
Displaying typical mixing zone characteristics (Ginés & Ginés, 2007), the mapped 
vadose extent of Drac is 2,359 m, with an additional 600 m of submerged passages 
accessed by cave divers (Gràcia et al., 2007, 2011b). The cave was first opened for 
tourism around 1898 (Ginés & Ginés, 2011), and is currently the most visited cave in 
Europe (Robledo & Durán, 2010). The area above the cave is developed with cafés, 
shops, parking lots, and other infrastructure to support the local tourism industry. 
Tourists enter the cave through an artificial entrance, walking through well-decorated 
cave passages until they arrive at a large chamber where they sit for a 30-minute 
classical music concert performed from boats that navigate upon the underground Lake 
Martel. Tourists exit the cave through the natural collapse entrance. The tourist 
infrastructure has likely modified the cave environment in terms of ventilation, 
temperature, atmospheric gas concentration, and the introduction of non-native 
materials. However, the study area and the tourist route are on separate branches of the 
cave, so less touristic impacts are expected at the monitored site. The study area is 
located along a historic tour route that is at present exclusively accessed for scientific 
purposes. Calcite rafts are typically observed on the water surface at the study site. 
Active bat populations and guano deposits are present near the study area. 
 
Methods 
Geochemical data and samples were collected from profiles in Vallgornera and 
Drac in April 2012 and March 2013 as scheduled fieldwork permitted. The deepest 
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accessible body of water was selected in each cave, and the profiles were collected at the 
same location during the return visit. Profiles ranged to a maximum depth of 2.9 m; the 
extent of each profile was limited by the water level, which fluctuates within the tidal 
range of ±25 cm and is influenced by atmospheric pressure and wind stress (Gómez-
Pujol et al., 2007). Salinity was assessed using a HI 9828 Multiparameter Meter (Hanna 
Instruments) and is presented in Practical Salinity Units (PSU; Millero et al., 2008) with 
manufacturer-specified accuracy of ±2% and precision of 0.01 PSU. 
During the April 2012 site visits water samples (analyses discussed below) were 
collected through disposable low-density polyethylene (LDPE) tubing attached to a 
hand pump. The March 2013 water samples were collected using a 1-liter capacity 
LaMotte Water Sampler that was simultaneously lowered with the HI 9828 probe. 
Samples were taken at 0.5 m intervals starting at the surface after the salinity reading 
was stabilized and recorded. In the April 2012 Drac profile the second sample was 
recovered at 0.4 m, and subsequent samples were obtained at 0.5 m intervals. Samples 
were refrigerated at 4ºC until analysis.  
Monthly cave air temperature and pCO2 data is presented between October 2012 
and March 2013. Values for both parameters were extracted from long-term monitoring 
records using CO2meter.com K33-ELG (accuracy ±0.4°C and ±30 ppm; precision ±0.1°C 
and ±20 ppm). Because relative humidity at each site approached 100% and the sensor 
operating range only extends to 95%, the instruments were placed upon Zorb-It 
desiccant packages within a plastic box with holes drilled in the sides. Non-dispersive 
infrared (NDIR) sensors measured CO2 concentration and data were corrected using in-
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cave barometric pressure measurements to calculate pCO2 according to Spötl et al. 
(2005). Cave barometric pressure was recorded using In-Situ Inc. BaroTROLL data 
loggers and is reported in hPa (accuracy ±1.5 hPa; precision ±0.075 hPa). 
Monthly surface water physical parameters (pH, temperature, and salinity) were 
measured between October 2012 and March 2013 using the HI 9828 probe (accuracy 
±0.02 pH, ±0.15°C, and ±2%; precision ±0.01 pH, ±0.01°C, and 0.01 PSU). A water 
sample was stored at 4°C and analyzed within 6 hours of collection for total alkalinity, 
sulfate, and total hardness. Total alkalinity was assessed using a Hach digital titrator 
(method 8230). Sulfate and total hardness were measured using an Orbeco-Hellige 
portable colorimeter (model 975MP). The saturation indices (SI) of calcite and aragonite 
and water pCO2 were computed using CO2calc version 1.2 (Robbins et al., 2010) and 
input parameters of water salinity, temperature, total alkalinity, and air pCO2. 
Additionally, monthly water samples were collected into pre-cleaned 250 mL 
Nalgene containers with no headspace and stored at 4°C until analysis for Ca, Mg, Sr, 
and Ba concentrations. Analyses were completed at the University of South Florida 
School of Geosciences (USF-SG) Center for Geochemical Analysis using a Perkin-Elmer 
ELAN DRC II Quadrupole Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 
Percent error was determined based on replicate analysis of standard reference material 
NIST 1640a-1 throughout the run and varies by element. Ca and Mg are reported in 
ppm, whereas Sr and Ba are reported in ppb. Stable isotope measurements are 
expressed in standard δ (delta)-notation: 
€ 
δ(‰) = Rspl − RstdRstd
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ ×1,000
        [Equation 2.1]
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where Rspl and Rstd represent the measured 18O/16O or 13C/12C ratios in the sample and 
the standard, respectively. Isotopic and dissolved inorganic carbon (DIC) concentration 
analyses were conducted at the USF-SG Stable Isotope Lab using a Thermo Delta V 3 
keV Isotope Ratio Mass Spectrometer (IRMS) equipped with a Thermo Gasbench II 
device and autosampler. 
Water samples for δ18O measurements were collected in pre-cleaned 250 mL 
Nalgene containers with no headspace, whereas those for δ13CDIC and [DIC] were 
collected according to the methods of Révész and Doctor (2014) using 5 mg copper 
sulfate as a bactericide. For each δ18O analysis, 200 µL of sample was  pipetted  into  a  
12 mL vial. Samples were flushed with a mixture of 3% CO2 in He and then stored at 
20°C for 24 hours to promote complete 18O equilibration between CO2 in the vial 
headspace and the sample water. Equilibrated CO2(g) was then analyzed on the IRMS; 
δ18O values are reported with 0.1‰ precision relative to the V-SMOW scale. 
To determine the δ13CDIC of each sample, 1 mL of sample was injected into 12 mL 
vials that contained 1 mL of 85% phosphoric acid and were flushed with He(g). The 
acidified sample was allowed to equilibrate at 25°C for 24 hours. The isotopic 
composition of CO2 produced from the reaction of DIC and phosphoric acid was 
analyzed on the IRMS and δ13CDIC values are reported with 0.1‰ precision relative to 
the V-PDB standard. Internal [DIC] standards were created using a range of weights of 
sodium bicarbonate (0.025 mg to 1 mg) in 12 mL vials, which were then flushed with 
He(g). One mL of DIC-free water was then injected into each vial, followed by 1 mL of 
85% phosphoric acid. The concentration standards were allowed to react at  25°C  for  
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24 hours, and [DIC] of water was analyzed simultaneously with δ13CDIC. The April 2012 
[DIC] results are reported in µmol/kg. The March 2013 [DIC] data are omitted as the 
samples were compromised. 
 
Results 
 Salinity 
 Salinity increases with depth in both caves (Fig. 2.2, Table 2.1). Overall, salinity is 
higher in Drac than Vallgornera (Table 2.2). In both caves, the April 2012 profile 
displays higher salinity than the March 2013 profile at every comparable depth with the 
exception of the surface value. These trends are evident despite the more restricted 
salinity range of the Vallgornera March 2013 profile due to lower water level in the cave 
compared to the April 2012 sampling. 
Due to differences in the salinity gradient the profiles in Vallgornera display a 
concave shape with greater increases in salinity with depth (Fig. 2.2A). The shape of the 
Drac profiles opposes that of Vallgornera with a convex shape created by the greatest 
increases in salinity at shallower depths (Fig. 2.2B). 
 
Oxygen Isotopic Composition 
δ18O values increased with depth in both caves and were lower in Vallgornera 
samples than those from Drac at comparable depths (Fig. 2.3, Table 2.1). In both 
Vallgornera profiles the δ18O-depth gradient is disrupted by a distinct shift toward 
lower values at 2 m (Fig. 2.3A). The March 2013 δ18O profile from both caves is offset 
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toward higher values; in Vallgornera, this offset ranges between 0.1 and 0.4‰, while it 
is larger in Drac (between 0.4 and 0.7‰). 
   
Figure 2.2. Salinity profiles collected from Vallgornera (A) and Drac (B). 
 
Table 2.1. Values from the April 2012 and March 2013 profiles in Vallgornera and Drac. 
The surface value is 0.0 m. Maximum depths are indicated by the last value of each 
profile. Blank cells indicate that values were not recorded for this interval. 
Depth 
(m) 
Salinity 
(PSU) 
δ18O 
(‰, VSMOW) 
δ13CDIC 
(‰, VPDB) [DIC] (µmol/kg) Cave 
 April 
2012 
March 
2013 
April 
2012 
March 
2013 
April 
2012 
March 
2013 
April  
2012 
Surface 6.13 6.49 -4.5 -4.3 -10.4 -10.4 4,854.3 
0.5 6.96 6.74 -4.4 -4.1 -9.2 -10.0 5,012.5 
1.0 7.26 6.94 -4.3 -4.1 -9.7 -10.0 4,962.5 
1.5 8.44 7.78 -4.1 -4.0 -10.4 -9.7 5,378.9 
2.0 10.46 9.37 -4.3 -4.0 -9.2 -9.8 4,721.1 
2.2  10.33  -3.6  -9.2  V
al
lg
or
ne
ra
 
2.5 12.59  -3.7  -8.9  4,438.0 
Surface 7.82 8.64 -4.3 -3.7 -8.5 -9.3 5,212.3 
0.5 9.1 9.28 -4.1 -3.6 -11.2 -10.6 7,985.0 
1.0 10.67 10.28 -4.0 -3.6 -11.4 -10.4 8,393.0 
1.5 12.03 11.11 -3.8 -3.4 -11.1 -10.7 7,277.3 
2.0 13.02 12.17 -3.8 -3.4 -11.5 -10.7 7,851.8 
2.5 13.54 12.48 -3.7 -3.3 -11.0 -11.1 7,818.5 
D
ra
c 
2.9 14.07  -3.6  -11.1  7,052.5 
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Figure 2.3. The δ18O values of water from Vallgornera (A) and Drac (B). 
 
 Carbon Isotopic Composition (DIC) 
 Though limited by the 2.5 m depth of the pool, it appears that there is a trend 
toward higher δ13CDIC values with depth in the April 2012 Vallgornera profile (Fig. 2.4A, 
Table 2.1). δ13CDIC values of the March 2013 profile increase with depth and display less 
variance than the April 2012 profile. 
A distinct shape is observed in both Drac profiles, where surface δ13CDIC values 
are positively offset, and no trend is evident between 0.5 m and the bottom of either 
profile (Fig. 2.4B). The surface offset (calculated by subtracting the surface value from 
the average of the deeper values) was 2.7 and 1.4‰ in the April 2012 and March 2013 
profiles, respectively. 
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Figure 2.4. δ13CDIC values of water from Vallgornera (A) and Drac (B). 
 
 DIC Concentration 
The April 2012 Vallgornera [DIC] generally decreased with depth though 
variation is evident throughout the profile (Fig. 2.5, Table 2.1). Overall, [DIC] values 
vary by 3,180.7 µmol/kg in Drac, over three times the range observed in Vallgornera 
(940.9 µmol/kg). This is due largely to the 2,772.7 µmol/kg offset of the surface value 
from deeper values, which are higher in concentration. 
The plot of δ13CDIC and [DIC] shows that the Vallgornera samples group 
distinctly with lower [DIC] and more positive δ13CDIC than Drac (Fig. 2.6). A notable 
exception is the surface value from Drac, the most positive value of the dataset, which 
does not group with the deeper water samples from that cave. 
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Figure 2.5. [DIC] of water from Vallgornera and Drac in April 2012. 
 
 
Figure 2.6. [DIC] and δ13CDIC of water from the April 2012 profiles from Vallgornera and 
Drac. 
 
pCO2 in Cave Air and Water 
For each sample obtained, air pCO2 is higher in Vallgornera (typically two times) 
than in Drac (Fig. 2.7A, Table 2.2). Over the short time period investigated, a distinct 
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trend (part of a seasonal signal, as discussed in Chapter 2) is evident in both caves with 
the highest values observed in October 2012 and decreasing throughout the monitoring 
period.  
 
Figure 2.7. Cave air pCO2 corresponding to the monthly surface water collection dates 
(A). Cave water pCO2 was calculated using water temperature, pH, total alkalinity, and 
air pCO2. The CO2 (aq-atm) difference (B) was calculated by subtracting the pCO2 of the 
cave water from the cave air. 
 
Water pCO2 generally displays the same decreasing trend as air pCO2 throughout 
the monitoring period (Table 2.2). Water pCO2 is always greater than air pCO2, which 
implies that a variable disparity between the water and the cave atmosphere is 
maintained over the monitoring period in both caves. The cave air pCO2 was subtracted 
from the surface water pCO2 for each corresponding month to obtain the CO2 (aq-atm) 
difference (Fig. 2.7B). While there is no consistent trend over the monitoring period, 
samples for Drac display a higher CO2 (aq-atm) disparity between the water and air 
compared to Vallgornera, which is generally lower. 
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Saturation State of Cave Water 
Water samples collected during monthly site visits suggest that groundwater in 
both  caves  is  typically  below  saturation  with  respect  to  both  calcite  and  aragonite  
(Table 2.2). Only one SICalcite value from Vallgornera and two from Drac indicate that the 
water was supersaturated with respect to calcite (Fig. 2.8A). All samples for which 
SIAragonite was calculated were undersaturated (Fig. 2.8B). 
 
Figure 2.8. Calculated SI for calcite (A) and aragonite (B) using CO2calc. 
 
 
Table 2.2. Monthly water and air sample geochemical parameters. pCO2, SICalcite, and 
SIAragonite were calculated using CO2calc. 
 
Date pH Temp (°C) 
Salinity 
(PSU) 
Total 
Alkalinity 
(mg/L) 
Total 
Sulfate 
(mg/L) 
Total 
Hardness 
(mg/L) 
Cave 
Baro 
Pres 
(hPa) 
pCO2 
air 
(ppm) 
Air 
Temp 
°C 
pCO2 
water 
(ppm) 
SICalcite SIAragonite 
10/10/12 7.36 19.92 6.1 192 490 1,600 1,014.5 2,214 19.7 2,818 -0.41 -0.66 
11/16/12 7.45 19.79 5.9 216 434 1,540 1,019.3 1,571 19.6 2,585 -0.28 -0.53 
12/21/12 7.70 19.72 6.11 250 425 1,480 1,018.0 1,121 19.5 1,646 0.03 -0.22 
1/18/13 7.5 19.66 6.28 212 417 1,410 1,005.4 1,129 19.5 2,222 -0.23 -0.48 
2/16/13 7.66 19.5 5.97 200 496 1,580 1,022.7 893 19.4 1,452 -0.11 -0.36 V
al
lg
or
ne
ra
 
3/12/13 7.55 19.51 6.49 184 549 1,480 1,005.7 849 19.4 1,699 -0.24 -0.49 
10/9/12 7.18 18.66 7.94 212 455 1,430 1,019.1 1,017 18.6 4,414 -0.50 -0.75 
11/13/12 7.47 18.57 7.44 204 550 1,380 1,016.2 591 18.6 2,185 -0.25 -0.50 
12/11/12 7.4 18.58 7.91 208 539 1,680 1,021.6 416 18.7 2,591 -0.30 -0.54 
1/14/13 7.76 18.53 7.55 204 538 1,710 1,013.4 417 18.6 1,095 0.03 -0.21 
2/20/13 7.82 18.53 7.33 226 650 1,830 1,015.3 418 18.7 1,059 0.13 -0.12 
D
ra
c 
3/12/13 7.35 18.61 8.64 212 716 1,750 1,004.7 473 18.6 2,912 -0.32 -0.56 
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Elemental Ratios in Cave Water 
Concentrations of Mg, Sr, and Ba are higher in Drac than in Vallgornera for every 
monthly sample except for October 2012. Ca and Mg have percent errors of 1.4 and 
2.6%, respectively, whereas  Sr  and  Ba  are  much  higher  (5.7  and  5.3%,  respectively; 
Table 2.3). However, when considering Mg:Ca, Sr:Ca, Ba:Ca, and Sr:Mg ratios, these are 
consistently higher in Vallgornera than Drac (Fig. 2.9A-D). 
 
Figure 2.9. Element ratios for the monthly surface water samples collected between 
October 2012 and March 2013; Mg:Ca (A), Sr:Ca (B), Ba:Ca (C), and Sr:Mg (D) are 
consistently higher in Vallgornera than Drac. 
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Table 2.3. Monthly water sample elemental values. Percent error is reported for each 
element based on replicate analysis of standard reference material NIST 1640a-1. 
 Date Mg (ppm) 
Ca 
(ppm) 
Sr 
(ppb) 
Ba 
(ppb) 
10/10/12 232 194 1,828 27 
11/16/12 209 178 1,793 25 
12/21/12 205 173 1,650 24 
1/18/13 203 173 1,673 24 
2/16/13 196 169 1,731 24 V
al
lg
or
ne
ra
 
3/12/13 194 169 1,590 25 
10/9/12 230 227 1,655 28 
11/13/12 245 243 1,870 28 
12/11/12 230 230 1,772 27 
1/14/13 240 237 1,724 28 
2/20/13 246 241 1,892 28 
D
ra
c 
3/12/13 294 278 2,123 31 
Error  1.4% 2.6% 5.7% 5.3% 
 
 
Discussion 
Percolating meteoric water mixes with the marine groundwater flooding the cave 
passages to create a brackish solution, which is confirmed by both salinity and δ18O 
values (Table 2.1). The salinity of infiltrating meteoric water is close to zero, and the 
amount-weighted annual average δ18O of precipitation in Palma de Mallorca is –5.6‰ 
(Araguas-Araguas & Diaz Teijeiro, 2005), while the salinity of Mediterranean seawater 
is approximately 37 PSU and its δ18O is 1.5-1.6‰ in samples along Mallorca’s coast. 
Indeed, the lowest salinity and most negative δ18O values were detected at the water 
surface in each cave, which documents the increasing influence of seawater with depth, 
despite the fact that the nature of the connection to the Mediterranean Sea (matrix or 
conduit flow) is not known at either site. 
Though a traditional Ghyben-Herzberg freshwater lens and complete halocline 
are absent in the investigated upper water column in both caves, the surface layer in 
Vallgornera is homogenous due to continuous flushing of seawater that mixes with 
percolating meteoric water (Fig. 2.2a). Further, it seems that water-level fluctuations 
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prevent the development of a true freshwater lens at both sites as suggested by Mylroie 
and Vacher (1999) in other carbonate island caves, but do not preclude the stratification 
of brackish water in Vallgornera.  
In both caves, samples in the March 2013 δ18O profile are overall more positive 
compared to those of April 2012, while still trending toward higher values with depth. 
Combined, the isotope and salinity gradients indicate a decrease of meteoric water 
influence with depth, suggesting that the offset (and its magnitude) between the two 
profiles (Figs. 2.2 and 2.3) may be controlled by temporal variations of different 
hydrologic regimes (matrix vs. fracture flow, precipitation/infiltration amount). 
Water bodies present within caves may act as both sources and sinks for CO2. 
The direction of CO2 diffusion depends on the magnitude of the CO2 (aq-atm) disparity 
and is site- and condition-specific. Baldini et al. (2006) report an example where cave 
water (a sump) acts as a CO2 sink. Palmer (2007) also discusses examples where CO2 is 
consumed by aqueous reactions during the dissolution of limestone. Conversely, CO2 
respired by microbial consumption of organic matter within the water column 
(Pohlman, 2011) or by inorganic precipitation of CaCO3 at the air-water interface 
(Walvoord et al., 2005) may degas to the cave atmosphere. The dataset presented in this 
study suggests that the cave water acts as a CO2 source in both caves, as evidenced by a 
positive CO2 (aq-atm) disparity (Fig. 2.7B). Isotopic fractionation occurs during degassing, 
thus enriching the surface of the water column in 13CO2 (aq) (Vogel et al., 1970). The 
δ13CDIC data indicate that surface water with relatively high δ13C values (–8.5 and -9.3‰) 
was less than 0.4 m thick in Drac (Fig. 2.4B). The [DIC] profile measured in April 2012 
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also shows that the uppermost layer in Drac was degassed, with a significantly lower 
[DIC] than deeper in the water column. 
The pCO2 data for both Vallgornera and Drac show large fluctuations that result 
from ventilation during the winter months (Fig. 2.7A). In samples collected from 
October 2012 through March 2013, the highest values were recorded in October 2012, 
likely reflecting the end of the growing season and the peak of soil-microbe respiration. 
Cooler and denser external air replaced cave air during the following months, 
increasing the rate of ventilation, and likely causing decreases in cave atmosphere pCO2 
at both sites. The general value of cave air pCO2 is controlled by the efficiency of 
ventilation: more efficient ventilation in Drac, due to its configuration and two 
entrances, causes lower overall values than those recorded in Vallgornera, a single, 
nearly sealed entrance cave. Though believed to be unidirectional, the observed amount 
of CO2 degassing is not strong enough to cause extended periods of supersaturation 
with respect to carbonate minerals. Carbonate rafts, which precipitate as CO2 degasses 
at the water-air interface, are ephemeral in Drac and are rarely observed in Vallgornera. 
Positive SICalcite was only observed in one sample in Vallgornera and two in Drac, 
implying that over the observation period, the supersaturation state was not 
continuous. 
Aragonite is believed to precipitate from supersaturated water under lower rates 
of CO2 degassing, whereas porous calcite precipitates under faster conditions (Frisia et 
al., 2000; 2002; Niedermayer et al., 2013). These conditions match the relatively less 
effective and more efficient ventilation patterns of Vallgornera and Drac, respectively. 
	   29	  
However, the limited occurrence of observed carbonate supersaturation in Drac and 
Vallgornera suggests that POS precipitation is presently inactive. For example, some 
studies suggest that a supersaturation threshold exists, below which nucleation of 
calcite crystals do not occur (Chafetz et al., 1991 and references therein). It may be 
possible that although supersaturation may have been occasionally reached in these 
sites, concentrations never exceeded the threshold required for nucleation. 
U/Th dates of an aragonite POS from Vallgornera indicate that its deposition 
ceased about 600 years ago (Tuccimei et al., 2009, 2010), though this date may reflect a 
maximum age because the sample was not taken from the outermost layer of the POS. 
As evidenced by abundant encrustation at the current water level, both investigated 
sites contain POS precipitated some time during the present sea level stand. However, 
the geochemical data reported in this study documents conditions generally not 
conducive to POS precipitation. This is further confirmed by a lack of measurable, 
permanent carbonate encrustations over artificial supports that were installed in May 
2011. Yet, the current POS horizon does not display signs of corrosion, which suggests 
that while POS precipitation may be episodic (currently halted), the surface water is 
certainly not sufficiently undersaturated with respect to CaCO3 to corrode the existing 
carbonate encrustations. 
While the data presented in this paper indicates that POS are not currently 
precipitating in either cave, the ion ratios observed in water samples align with 
established literature on the precipitation of aragonite instead of calcite. In vadose 
speleothems, the presence of the magnesium ion is the main control on the precipitation 
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of aragonite (Thrailkill, 1971; Cabrol & Coudray, 1982; McMillan et al., 2005; Frisia & 
Borsato, 2010); this is commonly expressed as the ratio of Mg:Ca. Indeed, water samples 
from Vallgornera have an average Mg:Ca ratio of 1.17 while those from Drac averaged 
1.02 (Fig. 2.9). These data align with experimental and field studies that reveal aragonite 
precipitation when Mg:Ca ratios are between 0.5 to over 4 (Fischbeck & Müller, 1971; 
Frisia et al., 2002; De Choudens-Sánchez & González, 2009; Niedermayr et al., 2013). 
While each study finds different Mg:Ca values within this range, it is likely that the 
precipitation of carbonate polymorphs depends not only on this ratio, but on a suite of 
other factors (acting alone or in combination) including trace elements, temperature, 
pCO2, pH, salinity, Mg2+ and Sr2+ partition coefficients, mineralogy of the seed material, 
and activity of microorganisms (Ferrer et al., 1988; Zhong & Mucci, 1989; Hill & Forti, 
1997 and references therein). To that end, the greater Sr:Ca, Ba:Ca, and Sr:Mg ratios 
observed in this study suggest that higher relative abundances of Sr2+ and Ba2+ may also 
encourage aragonite precipitation and/or inhibit calcite precipitation (Lippmann, 1973; 
Terakado & Taniguchi, 2006; Sunagawa et al., 2007). 
Though seawater may contribute Mg, Sr, and Ba to the brackish water bodies in 
the two caves, these results indicate that salinity alone is not a suitable proxy for the 
presence of this suite of ions as suggested by Folk (1974). Consequently, interpreting the 
influence of salinity (only) on the mineralogy of carbonate encrustations is not 
straightforward. The occurrence of aragonite in Vallgornera, where lower salinity 
values were measured, may be triggered by the above-mentioned ions deriving from 
more intense bedrock weathering or a deep-water source that contains these ions. 
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Alternatively, low salinity conditions caused by variations in the sulfate content may 
increase the Mg2+ partition coefficient in calcite, enhancing aragonite precipitation 
(Mucci & Morse, 1983). However, because the solution is currently undersaturated, POS 
precipitation was not observed. 
 
Conclusion 
Unidirectional, though variable magnitude, CO2 degassing from the water to 
cave atmospheres was observed in this study, with CO2 (aq-atm) disparities ranging from 
525 to 3,397 ppm. These findings are consistent with the conclusions of previous 
petrographic investigations of POS (and other speleothems) that the major control on 
carbonate deposition is the ability of CO2 to degas across the air-water interface (Pomar 
et al., 1976; Csoma et al., 2006). 
The limited occurrences of aragonite POS in Mallorca indicate that specific 
conditions control its precipitation over calcite. In Vallgornera, aragonite POS are 
observed at the current sea level, whereas both calcite and aragonite are present in 
horizons precipitated at former lower or higher sea stands. Thus, although the micro-
geochemical environment may be different in Vallgornera at present, allowing the 
precipitation of aragonite instead of calcite, results indicate that this process is currently 
episodic or halted. It is possible that slower/episodic CO2 degassing because of less- 
efficient cave ventilation allows precipitation of dense aragonite in Vallgornera as 
compared to other caves on Mallorca. Alternatively, in caves that have more-efficient 
exchange of air with the atmosphere, CO2 degassing is constant and faster, resulting in 
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the growth of more porous calcite POS, like those observed in Drac (Ginés et al., 2012a). 
Several studies document that Mg, Sr, and Ba, contributed from seawater, inhibit 
precipitation of calcite or enhance precipitation of aragonite. Therefore, it may be 
appropriate to assume that salinity (via activity coefficients) may be considered an 
adequate proxy for the relative abundance of these various ions. Furthermore, 
numerous field studies relating to beachrock cement and ooids suggest that salinity 
variations may control the mineralogy of the carbonate precipitates. The work of Zhong 
& Mucci (1989), however, refutes this hypothesis, concluding that the partition 
coefficient of Mg2+ in calcite increases with decreasing salinity of the parent solution. 
Increasing presence of Mg2+ is thought to poison calcite crystal growth, allowing 
aragonite to precipitate. This study of two caves in Mallorca aligns with the findings of 
Zhong & Mucci (1989), with aragonite POS observed in a lower-salinity environment. 
The ions have higher relative abundances in Vallgornera than Drac, and may be 
contributed by higher/more intense bedrock weathering or deep groundwater flow; 
further work is required to shed light over the entire aragonite/calcite precipitation 
process within the particular Mallorcan cave environment. 
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CHAPTER 3: 
INTERACTIONS BETWEEN SURFACE CONDITIONS AND THE 
MEDITERRANEAN SEA WITHIN TWO LITTORAL CAVES IN MALLORCA: 
CONTROLS ON THE FORMATION OF PHREATIC OVERGROWTHS ON 
SPELEOTHEMS  
 
Abstract 
 Phreatic overgrowths on speleothems (POS) from Mallorca’s littoral caves are 
valuable markers of former sea level.  These encrustations form when CO2 degasses 
from brackish water that is hydrologically connected to the Mediterranean Sea.  Using 
time series analysis, including coherency and spectral analyses, the controls on partial 
pressure of CO2 (pCO2) concentration and brackish water level in Cova des Pas de 
Vallgornera (Vallgornera) and Coves del Drac (Drac) were quantified.  The water level 
in both caves is a semi-diurnal attenuated expression of the Mediterranean Sea level 
with a lag of about four hours. The direct impact of rainfall could not be quantified.  
The pCO2 of both caves reaches an annual high in September and decreases rapidly 
when surface temperature drops below the average cave temperature of approximately 
19°C.  At this time, cooler, dense atmospheric air descends into the caves, initiating cave 
ventilation and displacing high-pCO2 cave air.  The recorded pCO2 in Drac is lower than 
at Vallgornera, and has small daily fluctuations because of the larger passages, fewer 
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constrictions, and large collapse entrance.  Fluctuations of higher frequency and 
magnitude were observed in Vallgornera pCO2 throughout the year, likely because its 
passages contain more constrictions, and the only known entrance is sealed.  In 
Vallgornera, twice-daily water level highs displace high-pCO2 air from the cave through 
the 20-m thick bedrock, while lows in water level cause outside tropospheric air to enter 
the cave (a “piston effect”). The effect of barometric pressure fluctuations likely 
overprints the primary control of water level on pCO2 variations.  Understanding these 
mechanisms of POS precipitation help to better resolve this reliable new sea-level 
marker. 
  
Introduction 
Many deposits from Mallorca’s coasts have been investigated to determine the 
positions of Pleistocene sea-level stands. Much of the earlier work focused on marine 
terraces, wave-cut notches along cliffs (Butzer, 1962), and the presence of warm water 
Senegalese fauna in beach deposits (Goy & Zazo, 1986; Hearty et al., 1986; Hearty, 1987; 
Gonzalez-Hernandez et al., 2001). 
The littoral caves of Mallorca also host robust sea-level proxies, namely the 
carbonate encrustations known as phreatic overgrowths on speleothems (POS). These 
form when CO2 degasses at the air-brackish water interface, which is coincident with 
Mediterranean Sea level. POS are documented at various elevations, and some of those 
observed above the water table have been correlated with fossil marine terraces and 
beach deposits (Cuerda, 1975; Pomar & Cuerda, 1979). POS are considered to be ideal 
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sea-level proxies because they are deposited in the tidal range (Ginés & Ginés, 1972; 
Pomar et al., 1979) and the water level in the littoral caves fluctuates with tide (Ginés & 
Ginés, 2007). Additionally, POS are widespread in Mallorca, with over 30 identified 
POS paleolevels, which range from 46 m above to 23 m below current sea level (Ginés, 
2000). 
Due to several advantages over other Quaternary sea-level records, information 
gained from Mallorcan POS has refined the western Mediterranean Sea eustatic curve 
(Vesica et al., 2000; Tuccimei et al., 2006; Dorale et al., 2010; Ginés et al., 2012a). 
Specifically, beach deposits may be reworked, or terraces or wave-cut notches may be 
removed or overprinted by subsequent transgressions, while POS precipitated by 
former sea-level stands are generally left intact within the stable cave environment. In 
addition, divers can easily access the encrustations that correspond to former low sea- 
level stands, whereas morphological evidence of regressive sea-level stands is difficult 
to trace because it is currently underwater. 
Studies on the mechanisms of POS formation are limited (Pomar et al., 1979; 
Csoma et al., 2006; Ginés et al., 2012a). Specifically, the interactions of the subterranean 
environment with external forcings, including surface air temperature, precipitation, 
barometric pressure, and sea level have been assumed but never quantitatively 
explored. For the first time, this study uses time series analysis on high-resolution data 
collected in-situ to investigate the effect that these variables have on the subsurface air 
and water temperatures, partial pressure of CO2 (pCO2), and cave water level to address 
the following research questions:  
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1. Can the effects that meteoric precipitation and tidal fluctuations have on 
cave water be quantified?  
2. Since CO2 degassing from the cave water to air causes calcium 
carbonate supersaturation and is the major control on the precipitation 
of POS, to what extent is cave air CO2 controlled by atmospheric 
forcings like barometric pressure and temperature? 
3. By observing the modern POS environment as an analogue to ancient 
precipitation environments of POS, can it be determined how well POS 
record former sea level stands? 
 
Methods 
 Site Characteristics 
The climate of Mallorca is typical of the Mediterranean with hot, dry summers 
and mild winters. The average annual temperature is 16.6°C (Guijarro, 1995) and yearly 
rainfall totals are highly variable, ranging from 300 to 1400 mm (Ginés et al., 2012b). 
Semi-diurnal microtides are observed in the western Mediterranean Sea and can be 
modified by wind stress and barometric effects (Gómez-Pujol et al., 2007). 
Two caves were selected for this study, both hosting a modern POS horizon at 
the present water table. To ensure that the deployed sensors would not be tampered 
with or stolen, each study site was located in restricted visitation areas. Based on these 
criteria, sensors were placed in Cova des Pas de Vallgornera (Vallgornera), located on 
Mallorca’s southern coast near the village of Llucmajor, and Coves del Drac (Drac), on 
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the eastern coast in the outskirts of Porto Cristo (Fig. 3.1). 
 
Figure 3.1. Simplified map of Mallorca. The Palma Sea Level Monitoring Facility is 
indicated by P, whereas the Llucmajor II AEMet and the Manacor weather stations are 
indicated with L and M, respectively. The Drac map is modified after Ginés and Ginés 
(2007) and the Vallgornera maps are modified from Merino et al. (2014) and Merino et 
al. (1993). 
 
Vallgornera is the longest known cave on Mallorca, with 74 km of mapped 
passage, including 17 km of submerged passage accessible only to cave divers (Merino 
et al., 2014). The cave is a protected site within the Natura 2000 Network (Council 
Directive, 92/43EEC) and access is restricted to scientific and exploration expeditions. 
For further information on this cave, readers are directed to Merino et al. (2014) and 
Ginés et al. (2014). The cave has only one known entrance (now gated), which was 
opened during the construction of a septic system for the now-vacant hotel above 
Vallgornera. 
Drac is the most visited cave in Europe (Robledo & Durán, 2010) and was first 
opened for tourism around 1898 (Ginés & Ginés, 2011). Considered to be a typical 
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mixing-zone cave (Ginés & Ginés, 2007), Drac’s mapped extent includes 2,359 m of dry 
passage and an additional 600 m of submerged conduits (Gràcia et al., 2007). The study 
area is in a separate branch of the cave than the current tourist route, and has been 
modified with electric lights and concrete paths for a previously used tour route. Non-
native materials are present at the study site, but the acute impacts of present-day 
tourism including altered temperature, relative humidity (RH), and pCO2 is not 
anticipated at the study site. Bats and minor guano deposits occur approximately 150 m 
from the investigated area, and calcite rafts are sometimes observed on the water 
surface in that cave section. 
 
Data Collection 
This study was designed to characterize the physical and chemical conditions at 
the air-water interface, where POS precipitate. Sensors were installed in both caves in 
December 2011 and removed in March 2013. Due to various problems with sensor 
malfunctions, not every record is complete, as explained below. 
To accommodate the fluctuating water level while still measuring aquatic 
parameters at the surface, a YSI 6920 sonde was fitted into foam, which was then 
tethered to the cave wall. This allowed the sonde to remain at the top of the water 
column without the possibility of it floating to another area of the cave. Due to 
significant setbacks with both sondes only the temperature (Tw) record (accuracy 
±0.15°C; precision 0.01°C) is presented in this study. Readings were collected at 3-hr 
intervals. 
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Water  pressure  was  measured  using  an  In-Situ  Aqua  TROLL  (accuracy 
±1.05 hPa; precision 0.5 hPa). An In-Situ Baro TROLL sensor installed nearby 
simultaneously collected air temperature (Tc; accuracy ±0.1°C; precision 0.01°C) and 
barometric pressure data (accuracy ±1.5 hPa; precision 0.075 hPa). Both instruments 
collected readings at 15-min intervals, and In-Situ Baro Merge software was used to 
convert pressure readings into water level (WLc). After the November 2012 field visit, 
both Aqua TROLL sensors malfunctioned, possibly because of a firmware update. WLc 
from November 2012 through March 2013 is therefore not included in the analyses 
presented in this study. 
Hourly CO2 measurements were collected using a CO2meter.com K33-ELG 
logger (accuracy ±30 ppm; precision 20 ppm). The RH of both caves exceeded the 
sensor’s operating limit of 95% RH so lower-RH microenvironments were created by 
placing each sensor on a Zorb-it desiccant package in a plastic box with ventilation 
holes drilled in it. During each approximately-monthly site visit, the desiccant package 
was replaced. The CO2 readings were converted to standard pressure (pCO2) using the 
in-cave barometric pressure readings and the relationship: 
€ 
CO2 = CO2 (raw) ×
1,013
p         [Equation 3.1] 
where pCO2 is in ppm, CO2 (raw) is the non-barometric corrected data, and p is the 
corresponding input barometric pressure (Spötl et al., 2005). The pCO2 record is not 
complete in either cave due to sensor malfunctions. In Vallgornera, data were lost from 
December 2011 through January 2012 and April through May 2012. In Drac, data are 
missing from April until July 2012 and from December 2012 through January 2013. 
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3-hr surface temperature (Ts) and daily precipitation (P) totals from the Agencia 
Estatal de Meteorología (AEMet) weather stations Llucmajor II (Llucmajor) and 
Manacor-Poliesportiu (Manacor) were the closest available to Vallgornera and Drac, 
respectively. This data is also smoothed with a 10-point (30-hr) moving average. 
Absolute tide gauge data (WLP) was downloaded from the UNESCO-IOC Sea 
Level Station Monitoring Facility Palma de Mallorca station for the study period. 
Though the sampling interval was 1-min, 15-min intervals that corresponded with the 
cave water level series were utilized for this analysis. 
 
Time Series Analysis 
Time series analysis can be used to evaluate data collected at constant intervals 
over time. Its strengths include the identification of periodic signal elements, the 
interrelatedness of variables, and how a system modifies input variables. The analysis 
techniques utilized in this paper include coherency and spectral analyses, which are 
briefly reviewed below. Time series analyses presented below were computed using 
commands in the Signal Processing Toolbox of Matlab 2013a. 
Frequency domain figures presented in this paper terminate at the Nyquist 
frequency, fNy, which is equal to half of the sampling frequency. 
Linearity can be determined in the frequency domain utilizing the coherency 
function; a linear system is one where a change in the input variable creates a 
proportional change in that of the output. Coherency estimates range between 0 and 1; 
higher values may indicate significant correlation between the two time series. To 
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convert between frequency and time domains, the cycle period can be identified using 
the following equation: 
€ 
cycle period (h) = f
−1
3,600         [Equation 3.2] 
where f is frequency in Hz. If high coherency is noted, computation of the phase angle 
that corresponds to the cycle period allows for quantification of the temporal shift 
between the perturbation of the independent variable and the response of the 
dependent variable: 
€ 
temporal shift (h) =
- ψ2πf
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
3,600         [Equation 3.3] 
where ψ is the phase angle. Thus, a negative ψ indicates that the signal response in the 
dependent variable lags behind the perturbation in the independent variable while a 
positive ψ indicates a lead. The relationships between Mediterranean Sea level 
measured at Palma Harbor (WLP) and cave water levels (WLc) were investigated using 
coherency analysis (CWLP - WLc). To examine controls on cave pCO2, coherency analysis 
was used to investigate barometric pressure (CB - pCO2), cave air temperature (CTc - pCO2), 
surface temperature (CTs - pCO2), and cave water level (CWLc - pCO2). 
A power spectrum (periodogram) identifies the dominant f in a signal, plotting f 
on the x-axis and the power of the signal on the y-axis. Power spectra are sufficient for 
stationary time series, but some components of this dataset, including pCO2, were 
variable over time. Therefore, spectrograms were computed to investigate the temporal 
behavior of periodic signals. The spectrograms presented in this study plot f on the 
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x-axis, date on the y-axis, and the power of the signal on the z-axis. The pCO2 data were 
detrended by subtracting a 20-point (20-hr) moving average that filtered out red noise 
in the spectrograms. 
 
Regression Analysis 
Bivariate statistical analysis was performed to directly assess the relationship 
between WLP and WLc. With the independent variable (WLP) plotted on the x-axis and 
the dependent variable (WLc) on the y-axis, the relationship was assessed using 
Pearson’s correlation coefficient. An r-value from Pearson’s correlation coefficient of 1 
indicates a perfect positive correlation, 0 implies no correlation, and -1 indicates a 
perfect negative correlation. 
 
Results 
 Meteorological Data 
Ts and P show similar patterns at both sites (Fig. 3.2). During the study period, 
mean Ts at Llucmajor was 15.6°C, while mean Ts was 15.5°C at Manacor. In contrast to 
Ts, which displays annual and daily periods, Tc is stable (Fig. 3.2). Total P showed more 
distinct  variation  between  sites  over  the  study  period  with  485.4 mm  at  Llucmajor 
(Fig. 3.2A) and 392.2 mm at Manacor (Fig. 3.2B). 
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Figure  3.2.   A)   Ts   and   P   from   AEMet   Llucmajor   II   and   B)   Manacor   stations. 
Right axis: graph of 3-hr Ts data (black line is same data smoothed with a 10-point 
moving average). The black dashed lines indicate Tc for Vallgornera (A) and Drac (B). 
 
 
Cave Air and Water Temperature 
Over the study period, mean Tw at Vallgornera was 19.4°C whereas mean Tc was 
19.2°C  (Table 3.1);  this  disparity  is  within  instrument  error  and Tw  was always > Tc 
(Fig. 3.3A). The lag between the Tc and Tw maxima was 65 days (Table 3.1). In contrast, 
the lag between Tw and Tc minima was one day. 
Throughout the study, mean Tc and Tw in Drac were 18.4 and 18.5°C (Table 3.1), 
respectively. As with Vallgornera, Tw was always > Tc (Fig. 3.3A). The range of Tw was 
lower in Drac to the extent that lag periods are poorly defined. 
Tc in Drac lagged Ts by 112 days; the same lag in Vallgornera was only 67 days 
(Fig. 3.2, Table 3.1). Maximum Tw in Vallgornera lagged maximum Ts by two days. Tc 
and Tw in Vallgornera lag Ts by 62 and 61 days respectively. Minimum Tc in Drac 
lagged Ts by 98 days. 
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Table  3.1. 	  Maxima,	  	  minima,  and  averages  for  T  and  pCO2.  Ts  was  smoothed  using 
a 10-point moving average to reduce the daily fluctuations, and to weight when the 
general maxima and minima occurred, which would have the greatest affect on the 
system under investigation. pCO2 averages excluded due to missing data. 
 Vallgornera Drac 
 Tw 
(°C) 
Tc 
(°C) 
Ts 
(°C) 
pCO2 
(ppm) 
Tw 
(°C) 
Tc 
(°C) 
Ts 
(°C) 
pCO2 
(ppm) 
Maximum 19.75 8/23/12 
19.48 
10/27/12 
39.0 
6/29/12 
2,488.4 
9/22/12 
18.59 
2/26/13 
18.5 
12/11/12 
38.9 
8/21/12 
1,108.5 
9/27/12 
Minimum 19.08 4/13/12 
18.97 
4/14/12 
-1.4 
2/4/12 
761.6 
2/26/13 
18.44 
5/5/12 – 
7/8/12 
18.3 
5/20/12 
-1.4 
2/27/13 
375.4 
1/26/13 
Average 19.4 19.2 15.6  18.5 18.4 15.5  
 
 
Figure 3.3. A) Tc and Tw and B) cave pCO2 (corrected for barometric pressure). 
 
 
Cave pCO2 
In both caves, the maximum pCO2 value is observed in late September (Table 3.1, 
Fig. 3.3B). Vallgornera pCO2 was higher and shows greater amplitude on annual and 
daily  scales.  The  period  between the  highest  and  lowest  recorded  pCO2 values was 
157 days in Vallgornera, and only 121 days in Drac. 
There is significant CTs - pCO2 in Vallgornera (Table 3.2) at a 12-hr period. The lag 
time of the January – April 2012 data was 4 hr, while that of the May 2012 – March 2013 
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was 4.8 hr. An 8-hr period is also present in the Vallgornera data; the lag is 3.7 hr in the 
January – April 2012 data and 3.2 hr in the May 2012 – March 2013 series. No CTs - pCO2 
relationship is observed in Drac (Table 3.2). No relationship was identified for CTs - pCO2 
for Vallgornera or Drac. 
Cave barometric pressure time series are presented in Fig. 3.4A. CB - pCO2 was 
significant at a 12.2-hr period in Vallgornera, with lead times of 5.3 hr in the January – 
April 2012 data and 4.5 hr in the July – November 2012 dataset (Table 3.2). Drac CB - pCO2 
identified an identical 12.2-hr period in the July – December 2012 series and a 12.8-hr 
period in the January – March 2013 data. The corresponding lead times are 9 min and 
5.5 hr, respectively. A similar CB - pCO2 peak is not present in the January – April 2012 
data from Drac. 
WLc in Vallgornera and Drac are shown in Fig. 3.4B. A significant 11.6-hr period 
exists in CWLc - pCO2 in Vallgornera (Fig. 3.5A, Table 3.2). Lead times are 4.4 hr for the 
January – April 2012  time  series,  and  2.7  hr  for  the  July – November  2012  data 
(Fig. 3.5B). Significant CWLc - pCO2 at a 12.8-hr period with a 5-hr lead is present in the 
January – April 2012 data from Drac (Fig. 3.5C and D) but no cycles were identified in 
the July – November 2012 dataset. 
The pCO2 record is reproduced next to the spectrograms of filtered data for both 
Vallgornera and Drac in Fig. 3.6. Significant spectral power is evident around the 12-hr 
period in Vallgornera (panel B). In Drac, lower power exists at the 12-hr cycle at some 
points throughout the year (panel D). 
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Table 3.2. Notable peaks from magnitude squared coherency analyses.  
Cave Date Range Coherency f (Hz) 
Period 
(hr) 
ψ 
(rad) 
Lead 
(hr) 
Lag 
(hr) 
CT
s 
- pCO2
 
0.91 2.32E-5 12.0 -2.10  4.0 01-2012 –  
04-2012  0.66 3.47E-5 8.0 -3.04  3.9 
0.32 2.32E-5 12.0 -2.53  4.8 
Vallgornera 
05-2012 –  
03-2013 0.40 3.47E-5 8.0 -2.48  3.2 
12-2011 –  
04-2012 No notable peaks 
0.34 2.24E-5 12.4 0.63 1.3  07-2012 – 
12-2012 0.38 2.39E-5 11.6 1.21 2.2  
0.74 1.88E-5 14.8 -3.12  7.3 
0.35 2.46E-5 11.3 1.86 3.4  
Drac 
01-2013 – 
03-2012 
0.35 2.60E-5 10.7 -1.11  1.9 
CB – pCO2 
0.97 2.28E-5 12.2 2.74 5.3  
0.57 2.82E-5 9.8 2.47 3.9  
0.75 3.15E-5 8.8 2.50 3.5  
0.87 3.47E-5 8.0 2.51 3.2  
0.73 4.12E-5 6.7 2.18 2.3  
0.81 4.56E-5 6.1 1.74 1.7  
01-2012 –  
04-2012 
0.65 6.94E-5 4.0 1.22 0.8  
0.62 2.28E-5 12.2 2.33 4.5  
Vallgornera 
05-2012 – 
03-2013 0.32 3.47E-5 8.0 2.26 2.9  
01-2012 –  
04-2012 
No notable peaks 
0.38 2.28E-5 12.2 0.008 0.1  
0.24 3.47E-5 8.0 -1.71  2.2 
07-2012 – 
12-2012 
0.23 4.99E-5 5.6 -2.85  2.5 
0.26 1.74E-5 16.0 1.81 4.6  
0.28 2.17E-5 12.8 2.69 5.5  
0.24 2.50E-5 11.1 0.72 1.3  
0.23 2.82E-5 9.8 1.14 1.8  
0.37 3.91E-5 7.1 -2.23  2.5 
0.36 5.64E-5 4.9 1.08 0.8  
0.38 9.98E-5 2.8 -0.47  0.2 
Drac 
01-2013 – 
03-2013 
0.45 1.17E-4 2.4 -0.15  0.1 
CWL
c 
- pCO2
 
0.69 2.39E-5 11.6 2.36 4.4  01-2012 – 
04-2012 0.41 4.12E-5 6.7 -0.47  0.5 Vallgornera 
05-2012 – 
11-2012 
0.55 2.39E-5 11.6 1.44 2.7  
01-2012 – 
04-2012 
0.33 2.17E-5 12.8 -2.48  5.0 
Drac 
07-2012 – 
11-2012 No notable peaks 
CWL
P
 - WL
c
 
0.94 1.09E-5 25.6 -1.19  4.9 Vallgornera 12-2011 –  11-2012 0.96 2.17E-5 12.8 -1.98  4.0 
0.92 1.09E-5 25.6 -0.96  3.9 Drac 12-2011 –  11-2012 0.96 2.17E-5 12.8 -1.75  3.6 
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Figure 3.4. A) WLc and WLP and B) cave barometric pressure. 
 
  
Cave Water Level 
WLc is similar in both caves (Fig. 3.4B) and both records show a similarity to WLP 
(the apparent difference between WLc results from different sonde installation depth; 
WLP is an absolute value). The strongest CWLP – WLc peak (>0.96) in both caves 
corresponds  to  a  12.8-hr  period,  and  the  second  strongest  peak  (>0.92)  occurs  at  
a 25.6-hr period (Fig. 3.7, Table 3.2). In Vallgornera, the 12.8-hr WLc cycle lags WLP by 
4.0 hr, whereas the 25.8-hr cycle lags by 4.9 hr. The corresponding lag in Drac of the 
12.8-hr cycle was 3.6 hr, while that of the 25.6-hr cycle was 3.9 hr. 
There was strong positive linear correlation between WLP and WLc in both caves. 
Irrespective of date, the r-value from Pearson’s correlation coefficient for WLP and WLc 
was 0.88, while that of Drac was 0.87 (Fig. 3.8). The difference in regression line slope 
may be attributed to small-scale hydrogeologic differences (i.e. permeability, 
conduit/fracture  connectivity  to  the  Mediterranean  Sea)  between  sites,  whereas the  
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Figure 3.5. C WLc - pCO2 for Vallgornera and Drac water (A and C) and the corresponding 
phase angles (B and D). Top axis: time domain; bottom axis: frequency domain. 
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difference in slope intercept is due to the installation depth of the sensor. The range of 
WLP is 0.76 m, whereas the range in WLc at Vallgornera and Drac are almost identical: 
0.55 and 0.56 m, respectively. Thus, the overall attenuation of the WLP is approximately 
0.2 m at both sites (Fig. 3.4A). 
 
Figure 3.6.  Vallgornera  and  Drac pCO2  time  series  (A and C) and their  spectrograms 
(B and D).  
 
Discussion 
 Cave Air and Water Temperatures 
While it is generally accepted that average Ts is a good approximation for Tc 
(Wigley & Brown, 1976), the present study found that Tc and Tw in both caves are ~3°C 
> average Ts. The higher Tc and Tw in Vallgornera compared to Drac may be due to the 
cave’s proximity to a region known to host a deep thermal reservoir (López-García & 
Mateos Ruíz, 2006). Merino et al. (2011) report temperatures of 27.1°C and 23.6°C in 
Cova de sa Guitarreta and Pou de can Carro, located less than 10 km northwest of 
Vallgornera.  Vallgornera  T may  be  explained  by  thermal  attenuation  of this  nearby  
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Figure 3.7. Vallgornera CWLP - WLc (A) and corresponding phase angles (B); same analyses 
for Drac (C and D). Top axis: time domain; bottom axis: frequency domain. 
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ascending thermal water; Ginés et al. (2009, 2014) postulate, based on the presence of 
various hypogene features, that thermal basal recharge played a major role in the 
speleogenesis of Vallgornera. 
 
Figure 3.8. Regression analysis of WLP versus WLc for Vallgornera (A) and Drac (B); 
95% confidence intervals are plotted as black lines on each plot. 
 
 pCO2 
Higher pCO2 in Vallgornera compared to Drac may be attributed to limited 
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ventilation in a cave with a single closed entrance. A large, natural collapse entrance in 
Drac, as well as large cave passages, likely allows for stronger ventilation, maintaining 
lower pCO2 in cave air (Ek & Gewelt, 1985; Hu et al., 2008). 
In both caves, pCO2 increases in the summer months, with the highest 
concentration observed at the end of the growing season (similar findings are reported 
in Spötl et al., 2005; Banner et al., 2007; Liñan et al., 2008; Frisia et al., 2011;	  Riechelmann 
et al., 2011; Faimon et al., 2012; Cowan et al., 2013; Mandić et al., 2013). Ventilation is 
driven by the difference between Ts and Tc during winter when cool, dense air descends 
into cave passages, forcing the accumulated high pCO2 air out of the cave. In 
Vallgornera and Drac, this process is sufficiently slow such that large, rapid drops in Tc 
do not accompany the seasonal reduction in pCO2. Instead, the thermal signal is 
buffered between the entrances and the study sites. It seems likely that, especially in the 
case of Vallgornera, the network of fractures in the overlying bedrock plays a major role 
in this seasonal overturn, whereas in Drac the entrance may play a larger role. 
The high CTs - pCO2 values and corresponding lag times suggest the possibility of 
overnight thermal- and density-driven ventilation of Vallgornera, but no 24-hr period 
exists (Table 3.2). Instead, an approximately 12-hr period is present. Additionally, 
during the summer months when Ts constantly exceeds the Tc, thermal cave gradients 
could not drive ventilation and high-f pCO2 variations. Thus, barometric pressure and 
water level, variables with significant lead times from coherency analyses, were 
evaluated as potential controls of pCO2. 
Barometric pressure is known to control cave pCO2 in some locations. For 
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example, Baldini et al. (2006) report nightly ventilation due to reductions in barometric 
pressure. Cowan et al. (2013) present diurnal fluctuations that correspond to barometric 
pressure/global atmospheric tide in caves in Texas, USA. Similarly, Benavente et al. 
(2011) suggest that barometric pressure may drive cave air circulation during summer, 
but state that their data is insufficient to support the hypothesis. High CB - pCO2 was 
found throughout the year in both Vallgornera and Drac (Table 3.2) in approximately 
12-hr cycles. The different lead times computed detract from the potential relationship 
identified by CB - pCO2, because barometric pressure should exert a constant control 
irrespective of Ts and other variables. Further, the lack of replication of CB - pCO2 in Drac 
between the January – April 2012 data with the January – March 2013 series indicate 
that further work is necessary to evaluate the control of barometric pressure on pCO2 
fluctuations, at least in Drac. Higher CB - pCO2, consistent period and lead times in 
Vallgornera support the hypothesis that pCO2 responds to barometric pressure in this 
near closed-system cave, but it is not the primary control. 
CWLc - pCO2 reveals that WLc is the primary control on pCO2 throughout the year in 
Vallgornera and during the summer months in Drac (Fig. 3.5, Table 3.2). This is 
reinforced by the spectral power observed at ~ 12 hr in Vallgornera (Fig. 3.6B). These 
observations suggest that the transition from low to high water level forces higher-pCO2 
air from the cave (Fig. 3.9A). Regardless of Ts, as the water recedes, a volume of 
tropospheric  air  equivalent  to  that  of  the  amplitude  of  WLc  sinks  into  the  cave 
(Fig. 3.9B). Neither study site recorded significant Tc variation; any external thermal 
signal is attenuated. 
	   55	  
 
 
Figure 3.9. A simplified model of semidiurnal pCO2 dynamics in Vallgornera (left) and 
Drac (right) associated with the rising (A) or receding (B) of the WLc, which is 
overprinted on seasonal (winter) ventilation (see text for explanations). 
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In Vallgornera, a forward and reverse piston effect seems to dominate 
semidiurnal cave air exchange through the overlying bedrock, which is <20 m thick 
(Fig. 3.9). Twice-daily pCO2 variations on the order of 300 ppm were recorded 
throughout the year. The study chamber is a small passage off of the main travel route 
to deeper parts of the cave. It is likely that the sensor recorded the movement of a 
boundary layer of CO2 maintained by degassing from the water, though no data are 
currently available  to  support  or  refute  the  presence of  such a  boundary layer. An 
alternative hypothesis is that the sensor recorded horizontal displacement of higher 
pCO2 air from one part of Vallgornera toward a zone of high surface connectivity (a 
currently unknown, partially blocked entrance).  
Exchange through the entrance likely dominates in Drac (Fig. 3.9). In addition to 
maintaining lower pCO2, Drac’s large passages and few constrictions allow for 
WLc-driven exchange through its large entrance, which explains the lower amplitude of 
semi-diurnal fluctuations that are only recorded during the summer months when 
large-scale temperature-driven ventilation is inactive. It is necessary to note that the 
Drac study room is larger, thus the amplitude of recorded pCO2 fluctuations is much 
smaller due to the homogenous cave atmosphere maintained by temperature- and 
density-driven convection currents. More in-depth spatial (horizontal and vertical) 
pCO2 sampling is necessary to better constrain the avenues of cave-troposphere pCO2 
exchange in both caves. 
CO2 degassing from the cave water is an essential process for the formation of 
POS (Pomar et al., 1976, 1979; Csoma et al., 2006) and is driven by the disparity between 
	   57	  
pCO2 in the cave water and air (Boop et al., 2014). The lower overall pCO2 in Drac 
allows for periods of degassing that cause water to become supersaturated with respect 
to calcium carbonate as evidenced by the ephemeral rafts of calcite that are frequently 
observed throughout the year. Conversely, relatively high pCO2 in Vallgornera is not 
presently conducive to extended periods of rapid CO2 exsolution. Thus, the conditions 
for supersaturation with respect to carbonate minerals and subsequent precipitation of 
POS are not currently satisfied (Boop et al., 2014). This stage of non-deposition may 
have started 600 years ago according to U/Th dates from a Vallgornera POS sample 
(Tuccimei et al., 2009; 2010). 
 
Cave Water Level 
The strong relationship between WLP and WLc, including high CWLc - pCO2 and 
robust linear correlations, indicate that POS are indeed excellent recorders of sea level. 
The existence of the POS record depends on vertical development of the cave 
(corresponding to water level associated with sea-level fluctuation), the presence of a 
preliminary support (the cave wall or preexisting vadose speleothems), and suitable 
geochemical conditions (calcium carbonate supersaturation and precipitation). Like 
other sea-level proxies, POS have some shortcomings in terms of depositional hiatuses 
(Boop et al., 2014) and difficulty obtaining dates due to morphology and internal 
structure (Ginés et al., 2012a). 
Though WLc fluctuates with an ~ 4-hr lag behind WLP, there is no evidence of 
any introduction of raw Mediterranean Sea water during this tidally-driven process. Tw 
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is stable throughout the year (though more variable in Vallgornera); direct mixing with 
the Mediterranean Sea would introduce a strong annual period in Tw because of 
changes in seawater T. Lack of mixing is further supported by the clarity (lack of 
turbidity) of the water, lack of observed currents, and the maintenance of brackish 
water at the surface of both study sites. The latter condition is likely maintained 
throughout the year by meteoric recharge (Chapter 4). 
Time series analysis has been used to characterize the effect of rainfall on non-
coastal karst aquifers (Padilla & Pulido-Bosch, 1995; Laroque et al., 1998; Panagopoulos 
& Lambrakis, 2006; Bailly-Comte et al., 2008). However, analyses based on spring 
discharge or piezometric head are not applicable to understand controls on water level 
in Mallorca’s littoral caves because water level is dominantly controlled by WLP. 
Similarly, Kim et al. (2005) were unable to identify any effect of precipitation on coastal 
water levels in Korea and attribute fluctuations solely to the tidal effect using time 
series analysis. 
 
Conclusions 
Recognized in recent decades as valuable paleo sea-level proxies, POS form at 
the air-water interface in the littoral caves of Mallorca. WLc was assumed to fluctuate in 
response to the Mediterranean Sea tide, but the exact relationship was previously 
undocumented. The present study identified an approximately 4-hr lag of WLc behind 
WLP. The semidiurnal signal is preserved, though attenuated slightly, in WLc at each 
study site. The primary control of WLP masks any direct effect of P on WLc. 
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Assumptions were also made on the conditions that govern supersaturation of 
the brackish solutions, and therefore the precipitation of POS. This study is the	  first to 
collect in-situ, high-resolution time series data to better understand the relationships 
between the Mediterranean Sea level, meteorological data, and cave conditions in the 
context of POS formation. Precipitation of POS occurs when cave water is 
supersaturated with respect to carbonate minerals at times when CO2 degasses from the 
cave water to air. Degassing is promoted by the existence of a large disparity between 
the pCO2 of the water and air. Thus, more degassing (and therefore solution 
supersaturation and possible precipitation of POS) is expected to occur when cave air 
pCO2 is lower. The annual cycle in pCO2 is driven by cave ventilation in the winter 
months when colder, denser tropospheric air sinks through the bedrock or entrances 
into subsurface voids, displacing cave air and reducing pCO2. A thermal signature does 
not accompany this ventilation; Tc and Tw vary by <1°C throughout the year and lag 
behind surface Ts by several months. pCO2 fluctuations have larger amplitude in 
Vallgornera, likely due to the overall higher pCO2 and the constricted nature of the 
study site. It is likely that at both sites, rising WLc (Fig. 3.9A) forces high pCO2 air from 
the  cave,  driving  semidiurnal  tropospheric  exchange  throughout  the  year  with  an 
~ 12-hr period. In Vallgornera, air escapes dominantly through the bedrock fissures 
(solid red line in Fig. 3.9A), whereas Drac’s larger passages promote displacement 
through its unrestricted entrance. When WLc recedes (Fig. 3.9B), tropospheric air sinks 
into the cave through the bedrock in Vallgornera (solid yellow line) and primarily 
through the entrance in Drac. Vallgornera’s nearly sealed entrance, smaller passages, 
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and constrictions promote the buildup of higher concentrations of pCO2 throughout the 
year, restricting CO2 degassing from the water, thus discouraging calcium carbonate 
supersaturation and POS precipitation. In Drac, pCO2 is lower throughout the year, 
which maintains conditions for CO2 to degas from the cave water to air, promoting 
calcium carbonate supersaturation, the presence of ephemeral rafts, and possible POS 
precipitation. The effects of barometric pressure on high-f pCO2 cycles cannot be 
determined based on the available dataset. 
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CHAPTER 4: 
GEOCHEMICAL CONSIDERATIONS ON PHREATIC OVERGROWTHS ON 
SPELEOTHEMS (MALLORCA, SPAIN): CONTRIBUTIONS FROM STABLE 
ISOTOPES AND ELEMENTAL ANALYSES 
 
Abstract 
 Phreatic overgrowths on speleothems (POS) are powerful sea-level proxies that 
precipitate at the air-water interface of brackish water in the littoral caves of Mallorca, 
Spain. Air and water samples were collected from two caves to elucidate the 
geochemical conditions necessary to precipitate aragonite instead of calcite POS. In 
Cova des Pas de Vallgornera (Vallgornera), the current carbonate encrustation horizon 
is aragonite, whereas calcite is present in Coves del Drac (Drac). The parent solution is 
comprised of less than 20% marine groundwater, and meteoric water is recharged 
primarily from large precipitation events that are not significantly 18O enriched by 
evaporation. The small fraction of water contributed from the thin (<20 m thick) vadose 
reservoir is 18O enriched by evaporative processes. Cave air CO2 derives from two 
principal sources: the troposphere and soil respiration of C3 biomass. Degassing of CO2 
from the cave water under isotopic equilibrium depends on the openness of the cave 
system and was observed at Vallgornera, which has a sealed entrance and restricted 
ventilation. In Drac the large natural entrance and larger passages promote ventilation, 
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faster rates of degassing from the cave water, and ultimately kinetic fractionation 
during CO2 exsolution. Precipitation of calcium carbonate POS in isotopic equilibrium 
with the parent solution could not be directly addressed, but may be possible in 
Vallgornera as evidenced by degassing that occurs in isotopic equilibrium. 
 
Introduction 
At the air-water interface of brackish water in the littoral caves of Mallorca 
(Spain), CO2 degasses from the solution, causing supersaturation and precipitation of 
calcium carbonate as calcite and/or aragonite (Pomar et al., 1976, 1979; Csoma et al., 
2006; Boop et al., 2014). Since water level is controlled by the Mediterranean Sea, these 
encrustations, known as phreatic overgrowths on speleothems (POS), have been 
extensively used as sea-level proxies. POS can be accurately dated, constrain past sea- 
level elevations to sub-meter precision, and precipitates corresponding to former 
transgressive and regressive stands are well preserved in the cave environment. 
Much previous work on POS has focused on documenting their presence and 
obtaining U/Th dates in order to refine the sea-level curve in the western 
Mediterranean basin (Dorale et al., 2010; Ginés et al., 2012a; Tuccimei et al., 2012). 
Relatively few petrographic and geochemical studies have been completed in order to 
document the mechanisms for POS deposition.  
This study sought to characterize the geochemical environment at the air-water 
interface to better understand POS formation, with these guiding questions:  
1. CO2 in derives from tropospheric air and at least one other component. 
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Is it possible to elucidate the endmembers that contribute to cave CO2?  
2. The brackish solution from which POS precipitate is a mixture of fresh 
(meteoric) and marine (Mediterranean) water. Is it possible to 
determine the δ18O value of the freshwater endmember based on 
measurements from cave water and seawater? 
3. Does POS calcium carbonate precipitate under isotopic equilibrium? 
4. Does CO2 degas from the cave water in isotopic equilibrium, or is it so 
rapid that kinetic effects are observed? 
5. What role (if any) do concentrations of Mg2+, Ca2+, and Sr2+ play in the 
precipitation of POS, and where do enrichments in these elements 
derive from?  
 
Methods 
Study Description 
Two caves, Cova des Pas de Vallgornera (Vallgornera) and Coves del Drac 
(Drac), were monitored in this study (Fig. 4.1). These caves were selected because their 
POS deposits (including a horizon that corresponds to current sea level) have been 
extensively studied and cave access is restricted, which minimizes the effects of 
undocumented visitation. 
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Figure 4.1. Diagram of the study area, including the locations and maps of Vallgornera 
(modified from Merino (1993) and Merino et al. (2014)) and Drac (modified from Ginés 
and Ginés, 2007). Water samples included in this study were collected at 9 in 
Vallgornera and 5 in Drac, whereas CO2 was measured at all stations. Precipitation 
samples were collected from Alcúdia (A), Sa Pobla (SP), and Palma de Mallorca (P). 
 
Vallgornera is located on Mallorca’s southern coast near the village of Cala Pi. 
With over 74 km of mapped passage, it is the largest known cave in Mallorca (Merino et 
al., 2014).  Vallgornera’s overall cave pattern and passage morphology indicate that 
processes associated with three different speleogenetic pathways (flank-margin, 
epigenetic, and hypogenic) contributed to its development, as reviewed by Ginés et al. 
(2014). The current POS horizon in Vallgornera is aragonite. 
Drac is Europe’s most visited cave (Robledo & Durán, 2010) and is located on the 
eastern coast of Mallorca under the village of Porto Cristo (Fig. 4.1). Tourists enter one 
portion of the cave through an artificial entrance and exit the cave through the natural 
collapse entrance. To maintain comfortable conditions, forced ventilation is present 
along the tourist route. The other branch of the cave, which is only accessed for 
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scientific and exploration purposes, includes historic tour route infrastructure (concrete 
pathways and electric lighting), and currently hosts a small community of bats. Drac’s 
rooms are large and typical of mixing-zone speleogenesis (Ginés & Ginés, 2007). POS 
corresponding to the current sea level stand [marine isotope stage (MIS) 1] are calcite. 
Calcite rafts are occasionally observed floating on the water off of the tourist route. 
 
Air Samples 
In March 2013 air samples were collected for δ13CCO2 and [CO2] analyses. 12-mL 
Labco Exetainer glass vials were fitted with custom Kel-F septa using the method of 
Knohl et al. (2004) to minimize vial-atmosphere exchange after collection. Uncapped 
vials were placed throughout each cave and allowed to exchange with the surrounding 
atmosphere for at least one hour. Sample locations are indicated in red text on Fig. 4.1 
and specific notes are included in Table 4.1. Three additional samples collected from 
Vallgornera in October 2013 are also included in Table 4.1. Vials were transported via 
air in a sealed pressure-proof case as carry-on luggage and were analyzed within four 
days of collection at the University of South Florida School of Geosciences (USF-SG) 
Stable Isotope Lab using a Thermo Delta V Isotope Ratio Mass Spectrometer (IRMS) 
equipped with a Thermo Gasbench II device and autosampler. Stable isotope 
measurements are expressed in standard δ (delta) notation:  
        [Equation 4.1] 
where Rspl and Rstd represent the measured 13C/12C ratios in the sample and the 
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standard, respectively. δ13CCO2 is reported with 0.1‰ precision relative to V-PDB. 
Analytical precision on repeated measurements of a known [CO2] is 2%. 
 
 Water Samples 
Monthly water samples were collected between December 2011 and March 2013 
from location 9 in Vallgornera and location 5 in Drac (Fig. 4.1). In each cave, clear LDPE 
tubing was installed at approximately 0.2 m and 1 m beneath the water surface. This 
was secured to ensure that water collection points within the water column were 
standardized throughout the study period. Semidiurnal water-level fluctuations of up 
to 0.5 m were recorded in both caves, related to tidal pumping (Chapter 3).  
Before collecting the water samples, the tubing was flushed with cave water 
three times. For trace element, δD, and δ18O analyses, samples were collected into 
250-mL clear Nalgene bottles. Water samples analyzed for the carbon isotopic 
composition of dissolved inorganic carbon (δ13CDIC) characterizes the bulk inorganic 
carbon species dissolved in the water: H2CO3, HCO3-, and CO32-. δ13CDIC samples were 
collected into 40-mL glass amber vials fitted with custom butyl rubber septa, which 
included 5 mg of copper sulfate (a bactericide) according to Révész and Doctor (2014). 
Hydrogen, oxygen, and carbon stable isotope measurements were carried out at the 
USF-SG Stable Isotope Lab. Results are reported in δ notation according to Equation 4.1. 
δD and δ18O were measured relative to the V-SMOW scale and analytical precision is 
1‰ and 0.1‰, respectively. δ13CDIC is reported with 0.1‰ precision relative to V-PDB; 
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[DIC] is reported in µmol/kg. Further details pertaining to the analytical procedure are 
included in Boop et al. (2014). 
Precipitation, seawater, and dripwater samples were collected throughout the 
study and run for δD and δ18O for comparison of cave water samples. The freshwater 
samples were collected in October 2013: in Drac from a fast-dripping stalactite near the 
study site and in Vallgornera from a small pool (gour) that collects water from stalactite 
drips. These samples are assumed to be representative of a relatively homogenous 
vadose reservoir. Monthly amount-weighted δD and δ18O precipitation data for Palma 
de Mallorca (January 2000–December 2006) was also accessed from the International 
Atomic Energy Agency (IAEA) Water Isotope System for Data Analysis, Visualization, 
and Electronic Retrieval. 
Element concentrations in cave water, seawater, and dripwater were measured at 
the USF-SG Center for Geochemical Analysis using a Perkin-Elmer ELAN DRC II 
Quadrupole Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Error was 
determined based on replicate analysis of standard reference material NIST 1640a-1. Ca 
and Mg are reported in ppm and have errors of 1.4 and 2.6%, respectively. Sr is 
reported in ppb and has an analytical error of 5.7%. 
Salinity was measured using a Hanna Instruments HI 9828 Multiparameter 
Meter and is presented in practical salinity units (PSU) with accuracy of ±2% and 
precision of 0.01 PSU. 
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Solid Samples 
Samples of solid bedrock were recovered from unweathered breakdown near 
each water sample site. The samples were cleaned, crushed, and analyzed for element 
concentrations and δ18O and δ13C values at USF-SG. Samples were diluted 1,000x for 
Mg2+ and Sr2+ analyses and 10,000x for Ca2+ analysis. Percent error was 10.3, 4.8, and 
15.4%, respectively, based on repetitive analysis of standard NIST-1640a-1. 
Bedrock samples and a scraping of the outermost layer of a Holocene (MIS 1) 
POS from Vallgornera were analyzed for δ13C and δ18O by reacting the sample with 
phosphoric acid and allowing it to equilibrate at 25°C for 24 hours to produce a 3% CO2 
in He mixture. This was analyzed on the IRMS and results are reported on the V-PDB 
scale with 0.1‰ precision. 
In May 2011, an artificial support (a piece of PVC pipe) was installed at each 
study site to collect freshly precipitated carbonates corresponding to the study period. 
The support was abraded to provide nucleation sites and was positioned to span the 
current vertical water-level fluctuation range. 
 
Statistical Tests 
The Wilcoxon rank-sum test, a nonparametric statistical tool, was employed to 
evaluate the difference between the element ratios observed in both caves. An h-value 
of 0 indicates that the sample population medians are statistically different, while an 
h-value of 1 implies that at the 5% confidence interval, the medians are not 
independent. Small p-values indicate that the observed differences between population 
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medians are not random. 
 
Geochemical Calculations 
Using CO2calc version 1.2 (Robbins et al., 2010) and alkalinity, pH, and water 
temperatures reported in Boop et al. (2014), the distribution of species comprising DIC 
was calculated. Then, the δ13C value of each species was calculated at 19°C using 
established fractionation factors (Vogel et al., 1970; Deines et al., 1974; Mook et al., 
1974). All calculations assume equilibrium fractionation. 
 
Results 
 Air Samples 
The partial pressure of CO2 (pCO2) is higher in both caves compared to surface 
values (Table 4.1). In Vallgornera, the average pCO2 was 919 ppm in the March 2013 
samples, with a range of only 73 ppm. The vial placed in the vent pipe above the closed 
door (with air movement from the cave) had an anomalously high pCO2 (1,759 ppm), as 
well as the most negative δ13CCO2 reading observed (-22.6‰). The median δ13CCO2 from 
the rest of the cave is -18.6‰, with a range of only 0.5‰. Though only two samples 
were collected in October 2013, they display much higher pCO2 (averaging 1,774 ppm), 
and more negative δ13CCO2 values (mean -19.4‰). 
Off of the tourist route in Drac, pCO2 (median values) was 451 ppm, while it was 
lower  along the tourist route  (398 ppm), due to the forced ventilation in the latter.   The 
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Table 4.1. δ13CCO2 and [CO2] data for air samples collected in Vallgornera and Drac. 
October 2013 samples are indicated by *; all others were collected in March 2013. Unless 
otherwise specified, all samples were collected within the dark zone of each respective 
cave. The Vallgornera sample collected at location 2 is considered an outlier, as 
discussed in the text. 
 
Location δ13CCO2 
(‰) 
pCO2 
(ppm) 
Notes 
1 -10.1 376 tropospheric air 
2 -22.6 1759 in cave vent pipe 
3 -18.6 911 first room of cave 
4 -18.5 892  
5 -18.8 950  
6 -18.9 966  
7 -18.9 958  
8 -18.6 919  
9 -18.5 908 at water sampling site 
1* -9.8 347 tropospheric air 
3* -19.2 1696 first room of cave 
V
al
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9* -19.6 1852 at water sampling site 
1 -11.4 409  
2 -14.8 546  
3 -10.6 387  
4 -11.9 424  
5 -12.8 462  
6 -17.2 706  
7 -13.1 460  
8 -12.8 458 small guano deposit 
9 -13.0 453 small guano deposit 
10 -13.0 446 small guano deposit 
11 -12.9 452 directly on top of large guano deposit, insects present 
12 -12.9 449  
12a -13.4 470 small guano deposit 
13 -11.0 408  
14 -10.9 399  
15 -11.1 402 twilight zone, along tourist route 
16 -11.9 426 twilight zone, along tourist route 
17 -12.1 430 at dripline of collapse entrance, along tourist route 
18 -9.8 375 tropospheric air 
19 -11.0 388 along tourist route 
20 -11.8 398 along tourist route 
21 -14.4 500 along tourist route 
22 -10.0 374 twilight zone, along tourist route 
23 -8.6 339 at dripline of collapse entrance, along tourist route 
D
ra
c 
24 -8.6 346 tropospheric air 
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median δ13CCO2 value of all samples collected in non-tourist parts of the cave was 
-12.9‰, and -11.8‰ along the tourist route. The median δ13CCO2 of non-tourist route 
samples near guano accumulations was -12.9‰, whereas the median of samples 
collected further from these deposits was -11.9‰.  The lowest pCO2 and most positive 
δ13CCO2 values collected in Drac come from the twilight zone within the natural collapse 
entrance. Here, the median pCO2 was 414 ppm, and the median δ13CCO2 was -11.5‰. 
 
 Water Samples 
Precipitation samples, collected opportunistically at different locations on 
Mallorca throughout the study period, display expected variability in δD and δ18O 
(Table 4.2). The local meteoric water line for this study (LMWL; n=11) and the IAEA 
data (n=74) are plotted on Fig. 4.2. Both lines have lower slopes than the global meteoric 
water line (GMWL; Craig, 1961).   
The amount-weighted average value for IAEA rainfall in Palma de Mallorca 
(-5.7‰ δ18O and -35.7‰ δD)  plots on the  intersection  of  the  LMWLs  and GMWL 
(Fig. 4.2). Mediterranean Sea samples and the majority of monthly samples from 
Vallgornera and Drac plot to the right of the GMWL. The freshwater samples (n=2) 
have more positive values compared to the rainfall samples. 
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Table 4.2. Stable isotope and salinity values for all water samples collected in this study, 
including precipitation grab-samples, cave water from 0.2 and 1 m depths, freshwater, 
and seawater samples. 
 
Sample δD 
(‰) 
δ13CDIC 
(‰) 
δ18O 
(‰) 
Salinity 
(PSU) 
03-20-2012 -11.0  -2.9  
04-05-2012 -30.8  -3.9  
05-01-2012 -30.8  -5.5  
11-10-2012 -8.3  -2.2  
11-17-2012 -44.8  -6.4  
11-18-2012 -29.2  -5.0  
11-28-2012 -67.6  -10.4  
01-24-2013 -81.3  -11.4  
01-28-2013 -72.6  -9.7  
02-23-2013 -26.1  -5.4  
Pr
ec
ip
it
at
io
n 
03-13-2013 -104.8  -15.1  
12-02-2011 0.2 m -29.4  -4.2 5.78 
01-21-2012 0.2 m -29.5  -4.7 5.75 
03-03-2012 0.2 m -35.3 -9.6 -4.6 5.87 
04-15-2012 0.2 m -31.9 -9.9 -4.4 5.79 
04-15-2012 1 m -39.8 -9.4 -4.2 7.26 
05-25-2012 0.2 m -28.2 -9.4 -4.3 6.48 
05-25-2012 1 m -29.5 -8.7 -4.2 6.93 
06-29-2012 0.2 m -25.2 -8.5 -4.4 6.05 
06-29-2012 1 m -26.4 -8.7 -4.3 7.11 
07-27-2012 0.2 m -25.8 -9.0 -4.4 6.08 
07-27-2012 1 m -28.1 -9.7 -4.3 6.85 
09-14-2012 0.2 m -24.5 -10.4 -4.4 6.27 
09-14-2012 1 m -26.9 -9.6 -4.3 6.58 
10-10-2012 0.2 m -25.0 -9.3 -4.5 6.07 
10-10-2012 1 m -27.1 -9.9 -4.3 6.65 
11-16-2012 0.2 m -26.0 -10.4 -4.5 6.00 
11-16-2012 1 m -28.2 -10.0 -4.4 6.28 
12-21-2012 0.2 m -27.3 -10.1 -4.4 5.75 
12-21-2012 1 m -29.2 -10.3 -4.4 6.51 
01-18-2013 0.2 m -23.5 -10.0 -4.3 5.92 
01-18-2013 1 m -23.1 -9.6 -4.1 6.63 
02-16-2013 0.2 m -25.9 -9.8 -4.3 5.81 
02-16-2013 1 m -24.9 -9.8 -4.3 6.70 
03-12-2013 0.2 m -27.8 -10.4 -4.3 5.42 
V
al
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03-12-2013 1 m -25.8 -10.0 -4.1 6.94 
12-01-2011 0.2 m -28.9  -3.8 6.77 
01-10-2012 0.2 m -28.1  -3.8 6.81 
02-15-2012 0.2 m -28.6  -3.8 7.14 
03-13-2012 0.2 m -27.7 -8.4 -4.1 7.02 
03-13-2012 1 m -30.8 -11.2 -4.0 9.22 
04-15-2012 0.2 m -33.3  -4.1 7.16 
D
ra
c 
04-15-2012 1 m -29.4 -11.4 -4.0 10.67 
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Table 4.2 (Continued) 
 Sample 
δD 
(‰) 
δ13CDIC 
(‰) 
δ18O 
(‰) 
Salinity 
(PSU) 
05-22-2012 0.2 m -31.4 -9.2 -4.2 7.16 
05-22-2012 1 m -39.5 -10.9 -3.8 10.26 
06-27-2012 0.2 m -37.6 -8.2 -4.1 7.15 
06-27-2012 1 m -41.5 -11.0 -3.7 10.18 
07-24-2012 0.2 m -33.8 -10.2 -4.0 7.12 
07-24-2012 1 m -36.8 -10.9 -3.7 8.98 
09-07-2012 0.2 m -37.4 -10.6 -4.0 7.07 
09-07-2012 1 m -36.6 -11.1 -3.7 9.76 
10-09-2012 0.2 m -35.7 -10.4 -4.0 6.95 
10-09-2012 1 m -39.3 -11.6 -3.7 11.04 
11-13-2012 0.2 m -39.3 -11.1 -4.0 7.40 
11-13-2012 1 m -40.7 -11.4 -3.7 10.20 
12-11-2012 0.2 m -39.1 -10.8 -3.8 7.16 
12-11-2012 1 m -42.4 -11.4 -3.6 10.83 
01-14-2013 0.2 m -23.0 -11.2 -3.8 7.24 
01-14-2013 1 m -20.9 -11.3 -3.7 10.05 
02-20-2013 0.2 m -18.8 -11.1 -3.9 7.37 
02-20-2013 1 m -23.1 -11.4 -3.6 10.03 
03-12-2013 0.2 m -24.5 -9.3 -3.7 8.64 
D
ra
c 
(C
on
ti
nu
ed
) 
03-12-2013 1 m -23.2 -10.4 -3.6 10.28 
Vallgornera -31.2  -4.9  Freshwater 
Drac -27.2  -4.6  
01-18-2013 9.3  1.6 36.99 Seawater 
03-12-2013 6.1  1.5 36.72 
 
 
The mixing relationship between freshwater samples (precipitation and 
dripwater) and the Mediterranean Sea is clearly seen in Fig. 4.3A. Generally, there is a 
positive correlation between salinity and δ18O values. The δ18O values of samples 
collected 0.2 m below the water surface are typically more negative than those from the 
1 m depth on the same date (Table 4.2, Fig. 4.3B). 
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Figure 4.2. Water samples collected in this study with the corresponding LMWL 
(dashed), the GMWL (solid), and a LMWL (dotted) constructed from IAEA data. The 
amount-weighted average precipitation for Palma de Mallorca (IAEA) is also plotted as 
a solid square. 
 
 
 
Figure 4.3. Water samples versus salinity. A: The dashed line is a regression between 
the monthly Vallgornera and Drac samples, forced through the Mediterranean Sea 
samples, to estimate the freshwater endmember. Dripwater and precipitation are also 
plotted, along with the amount weighted average precipitation value for Palma de 
Mallorca (IAEA). The cave water samples within the box are magnified in B. 
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Mg:Ca, Sr:Ca, and Sr:Mg ratios for the 0.2 m depth cave water samples are 
presented in Table 4.3. The ratios are relatively stable regardless of salinity in Drac, 
while there is more variability in Vallgornera. Statistically, there are no strong 
correlations between any ratios and salinity (R2 values <0.1). The h-values of the 
Wilcoxon rank-sum test for each ratio (h = 1) indicate that the Vallgornera samples are 
statistically distinct from those collected at Drac; this is further supported by p-values 
<0.01 for each analysis. Furthermore, elemental concentrations in cave waters are 
distinct from the fresh- and seawater samples; the latter two sample types generally 
vary by at least an order of magnitude (Table 4.3). 
Table 4.3. Element concentrations and ratios for monthly cave water (0.2 m depth), 
dripwater, seawater, and bedrock, with associated analytical error. 
 Date 
Mg 
(ppm) 
Ca 
(ppm) 
Sr 
(ppb) Mg:Ca 
 
Sr:Ca Sr:Mg 
12/2/11 238.6 162.7 1811.2 1.466 0.011 0.008 
1/21/12 235.2 161.7 1672.7 1.455 0.010 0.007 
3/3/12 235.2 163.0 1746.3 1.443 0.011 0.007 
4/15/12 174.8 164.8 1602.8 1.061 0.010 0.009 
5/25/12 193.4 170.4 1839.2 1.135 0.011 0.010 
6/29/12 184.7 164.6 1761.2 1.123 0.011 0.010 
7/27/12 191.4 167.9 1695.7 1.140 0.010 0.009 
9/14/12 192.3 170.0 1836.0 1.131 0.011 0.010 
10/10/12 232.3 194.1 1828.4 1.197 0.009 0.008 
11/16/12 209.3 177.9 1792.8 1.176 0.010 0.009 
12/21/12 204.8 173.0 1649.7 1.184 0.010 0.008 
1/18/13 202.6 172.8 1672.8 1.172 0.010 0.008 
2/16/13 196.1 169.2 1730.8 1.159 0.010 0.009 
V
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3/12/13 194.0 168.9 1590.4 1.149 0.009 0.008 
12/1/11 222.7 219.9 1654.4 1.013 0.008 0.007 
1/10/12 232.0 227.1 1738.2 1.022 0.008 0.007 
2/15/12 231.7 223.2 1630.7 1.038 0.007 0.007 
3/13/12 229.8 219.4 1685.9 1.047 0.008 0.007 
4/15/12 230.7 219.6 1622.1 1.050 0.007 0.007 
5/22/12 219.5 210.8 1654.5 1.041 0.008 0.008 
6/27/12 238.8 229.8 1662.2 1.039 0.007 0.007 
7/24/12 231.5 224.2 1658.0 1.033 0.007 0.007 
9/7/12 226.8 225.3 1684.0 1.007 0.007 0.007 
10/9/12 230.1 227.4 1655.0 1.012 0.007 0.007 
D
ra
c 
11/13/12 245.2 243.2 1870.2 1.008 0.008 0.008 
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Table 4.3 (Continued)  
 Date 
Mg 
(ppm) 
Ca 
(ppm) 
Sr 
(ppb) Mg:Ca 
 
Sr:Ca Sr:Mg 
12/11/12 229.9 230.2 1771.7 0.999 0.008 0.008 
1/14/13 240.1 236.6 1724.5 1.015 0.007 0.007 
2/20/13 245.8 240.6 1892.2 1.022 0.008 0.008 
3/12/13 294.4 277.8 2123.1 1.060 0.008 0.007 
D
ra
c 
(C
on
ti
nu
ed
) 
Error 2.6% 1.4% 5.7%    
Vallgornera 37.0 40.0 259.8 0.924 0.006 0.007 Freshwater 
Drac 16.0 85.5 212.7 0.203 0.002 0.011 
Vallgornera 1,538.8 500.1 8549.2 3.077 0.017 0.006 Seawater 
Drac 1,235.1 419.5 7332.6 2.944 0.017 0.006 
 Error 4.9% 5.6% 6.7%    
Vallgornera 1.8 353.1 158.3 0.005 0.000 0.088 
Drac 1.9 331.9 222.4 0.006 0.001 0.117 Bedrock 
Error 10.3% 15.4% 4.8%    
 
 Solid Samples 
Converse to element concentrations in monthly water samples, the bedrock 
sample from Drac had higher concentrations of Mg, Ca, and Sr than that of Vallgornera 
(Table 4.3). Bedrock δ13C and δ18O values for Vallgornera and Drac were within error of 
each other (Table 4.4). The δ13C and δ18O values for the outermost surface of the MIS 1 
aragonite POS sample from Vallgornera are -5.2‰ and -4.1‰, respectively. 
The artificial supports were periodically inspected for the presence of carbonate 
encrustation. However, at the end of the study period, no POS formed in either cave. 
 
Table 4.4. Stable isotope values for solid carbonate samples: bedrock from Vallgornera 
and Drac, and the outermost layer of a MIS 1 POS from Vallgornera. 
Sample δ
13C 
(‰) 
δ18O 
(‰) 
Vallgornera bedrock -3.4 -3.8 
Drac bedrock -3.5 -3.9 
Vallgornera MIS 1 POS -5.2 -4.1 
Error ±0.1‰ ±0.1‰ 
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Discussion 
 Cave Air 
In both caves, pCO2 increases during the summer months, and decreases when 
the surface temperature drops below the cave air temperature (Chapter 3). The March 
2013 samples were collected when temperature-driven ventilation was active and the 
maximum influence of tropospheric air occurred.  The inverse of pCO2 was plotted 
against δ13CCO2 (known as a Keeling plot; Fig. 4.4); the strong correlation indicates 
mixing between two discrete endmembers. The regression line intersect in Fig. 4.4 
estimates the δ13CCO2 of the depleted endmember at -23.7‰, falling within the range of 
accepted values of C3-respired δ13CCO2 (Cerling et al., 1991). The enriched δ13CCO2 
endmember (the troposphere) was sampled directly (Table 4.1). 
 
Figure 4.4. Keeling plot of CO2 samples collected in Vallgornera (green) and Drac 
(blue). 
 
Air sampling was carried out in Vallgornera between the entrance and the 
chamber that water samples were collected in (Fig. 4.1). Chapter 3 found that 
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semidiurnal water-level fluctuations displace high-pCO2 cave air through unsaturated 
bedrock fractures. The similarity between Vallgornera’s entrance room and other parts 
of the cave in therms of concentration and δ13CCO2 data do not support exchange 
through the cave entrance. Additional sampling of more distant areas of the cave and a 
variety of elevations above the water table may help to further constrain lateral and 
vertical pCO2 patterns. This would help to interpret the nature of cave-troposphere 
exchange. In particular, vertical profiles may reveal lower concentrations observed at 
higher elevations in the cave if effective tropospheric exchange occurs through bedrock 
cracks. Conversely, the range of pCO2 and δ13CCO2 values observed in Drac’s twilight 
zone (Fig. 4.4) documents that cave air mixes with the troposphere near the entrance. 
A major factor to consider for the Drac pCO2 record is the effect of tourist 
visitation, as several studies have documented the impact of human visitation (Ek & 
Gewelt, 1985; Baldini et al., 2006; Benavente et al., 2011; Frisia et al., 2011; Šebela et al., 
2013). The artificial ventilation along the tourist route in Drac may be responsible for 
the lower pCO2 than the non-tourist areas of the cave. This may be augmented by 
seasonal natural ventilation established between the two entrances (artificial and 
natural) and driven by a thermal contrast between the troposphere and cave air. When 
the colder and denser surface air enters the cave, it displaces the lighter, warmer, 
higher-pCO2 cave air. Although the ventilation of the two caves is distinct, a seasonal air 
circulation is clearly active in both Vallgornera and Drac (Chapter 3), and is well 
documented in other caves (Troester & White, 1984; Ek & Gewelt, 1985; Onac & 
Racoviță, 1992; Spötl et al., 2005; Riechelmann et al., 2011; Cowan et al., 2013). 
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Higher pCO2 values were observed in the seldom-visited non-tourist branch of 
Drac, which has more restricted, but still quite efficient seasonal ventilation compared 
to the tourist branch. The proximity of desiccated or fresh guano deposits to the 
sampling site does not seem to have a significant effect on the pCO2 or δ13CCO2; the 
sample placed on top of guano with insects present (implying a relatively recent 
deposit) did not have an anomalously high pCO2 or low δ13CCO2 value. The reason for 
higher pCO2 in various locations within this section of the cave is due to the 
topography/morphology of cave passages. In the lowest and highest parts of the 
galleries, the air pockets are only replaced during enhanced cave circulation, thus 
favoring elevated pCO2  concentrations. 
Finally, the October 2013 air samples collected in Vallgornera (n=2) fall off of the 
regression line (Fig. 4.4). Excluding the possibility of an error (analytical/collection), 
this small dataset could indicate an additional source that is more enriched in 13CO2 that 
contributes to the cave atmosphere at a slower rate than soil CO2 and is thus not evident 
in the March 2013 data. A natural explanation for the deviation of these samples is the 
process of preferential diffusion of 12CO2 through the pore space of the thin overlying 
bedrock, enriching the cave atmosphere in 13CO2 during this sampling period. This 
process of δ13CCO2 enrichment at depth due to upward diffusion was documented by 
Walvoord et al. (2005) in unsaturated media, but has been rejected in cave environment 
by other authors (Frisia et al., 2011). Vesica et al. (2000) suggest metastable sedimentary 
rocks and seawater as sources for gaseous CO2 in Mallorca’s caves. The possibility of 
more positive δ13CCO2 degassing from cave water is discussed below. 
	   81	  
Meteoric Water Contribution to Cave Water 
The lower slope and intercept values of the LMWLs than the GMWL (Fig. 4.2) 
indicate that the precipitation samples have been impacted by enrichment of 18O due to 
the composition of the vapor source, rainout history of the air mass, temperature, 
intensity, cloud structure and/or evaporation during the precipitation event (Gat, 2010). 
The brackish water in each cave is a mixture of percolating meteoric freshwater and 
marine groundwater and the level fluctuates with an approximately four-hour lag 
behind Mediterranean tide level (Chapter 3). δ18O and salinity values from water 
samples in this study help document the mixing relationship: regressing a line through 
the cave water values and forcing it through the mean value of the relatively 
homogenous Mediterranean Sea (Fig. 4.3), the δ18O of the freshwater endmember was 
estimated at -5.6‰, only 0.1‰ higher than the amount-weighted average for Palma de 
Mallorca precipitation (-5.7‰). 
Meteoric water is contributed to the standing water in each study cave from two 
sources: quickflow (rapid percolation of meteoric water through the fissure network 
without considerable evaporation) and matrix flow (water percolation through the 
bedrock matrix, 18O-enriched). As evidenced by the similarity between the estimated 
freshwater δ18O and the amount-weighted rainfall average value, quickflow is the major 
recharge mechanism, whereby water is transmitted during storm events quickly into 
the subsurface. Matrix flow drains the vadose reservoir (represented by primary 
porosity) and feeds stalactite drips.  
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The freshwater samples collected from Vallgornera and Drac (n=2) are 
18O-enriched relative to the amount-weighted IAEA rainfall average, meaning that they 
contain residual water after evaporation in the thin (<20 m) bedrock above the cave. The 
dripwater samples fall off the regression line (Fig. 4.3), indicating that the contribution 
of freshwater originating as dripwater, md, is minor in both caves. Thus, nearly the 
entire meteoric fraction of water in the study pools is delivered by rapid infiltration 
during major storm recharge events, mp, when the effects of evaporation are minimal. 
The cave water samples, mc, are a mixture of seawater, ms, and freshwater: 
        [Equation 4.2] 
A geochemical mass-balance approach can be used to determine the fractions of 
mp, md, and ms (Zeebe & Wolf-Gladrow, 2001):  
     [Equation 4.3] 
      [Equation 4.4] 
On average, the 0.2 m depth samples from Vallgornera are composed of 
approximately 16% seawater. The remainder is freshwater, with approximately 68% 
from precipitation via quickflow, and 16% that is stored in the overlying bedrock, 
contributed from drips. In Drac, 19% of cave water is seawater, 49% is contributed from 
precipitation, and 32% is sourced from the overlying bedrock reservoir. The calculated 
md contributions are higher than expected based on the difference between dripwater 
and amount-weighted average rainfall δ18O values (Fig. 4.3) and likely reflect the 
inadequacy of the use of the latter (collected in Palma de Mallorca) in these calculations, 
especially in the case of Drac (which is located on the opposite side of the island). 
!
€ 
1 = mc = mp +md +ms
!
€ 
mc × δ18Oc = mp × δ18Op +ms × δ18Os +md × δ18Od
!
€ 
mc × salc = mp × salp +ms × sals +md × sald
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Element Ratios in Cave Water 
The Mg:Ca, Sr:Ca, and Sr:Mg ratios observed in Vallgornera waters are 
statistically distinct from those in Drac, but, as further explored by Boop et al. (2014), do 
not correlate with salinity. Mg:Ca and Sr:Ca are markedly higher for seawater than cave 
waters, while Sr:Mg is lower. Thus, these constituents do not solely derive from marine 
groundwater and additional enrichments must be contributed from other sources, as 
explored below.  
Analysis of bedrock samples from each cave revealed lower concentrations of 
Mg2+, and Sr2+, and lower Mg:Ca, Sr:Ca, and Sr:Mg ratios in Vallgornera compared to 
Drac. If these constituents are released from bedrock, variability in bedrock composition 
and weathering rate must be considered in order to explain the higher ratios observed 
in Vallgornera’s water. The contribution of Mg2+, Ca2+, and/or Sr2+ from bedrock may 
occur from weathering in the vadose zone by percolating meteoric water, though this 
contribution may be small considering the insights from δ18O analysis discussed above. 
In the phreatic zone, these elements may derive from the dissolution of bedrock 
associated with mixing corrosion processes (Palmer, 2007). Further, Vallgornera 
contains morphological features and particular mineral assemblages characteristic of 
hypogene (rising thermal water) speleogenesis (Fornós et al., 2011; Ginés et al., 2014 and 
references therein; Onac et al., 2014). Contributions from deep groundwater circulation 
are supported by higher water temperatures observed in Vallgornera than Drac 
(Chapter 3), and geothermal anomalies noted in the southern region of the island just 
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north of the cave (López-García & Mateos Ruíz, 2006; López-García, 2008). However, 
the trends in δ18O strongly suggest that the upper water column in both caves is 
dominated by recharge from large-scale rainfall events; the isotopic signature of 
ascending thermal groundwater is unknown and may be similar to current 
precipitation. More work is necessary to determine what effect the local geothermal 
activity has on the water in Vallgornera. 
 
 Relationships Between Cave Water and POS 
 It was not possible to compare geochemical observations from the cave water 
and air to POS because no deposits accumulated on the artificial supports over the 
study period. Tuccimei et al. (2009, 2010) suggest that POS deposition ceased in 
Vallgornera ~600 years ago and Boop et al. (2014) discuss the seldom-observed 
supersaturation of water in Vallgornera and Drac. These observations suggest that 
despite being nearly ideal proxies for recording past sea-level stands, the deposition of 
POS is not always continuous. Instead, precipitation likely depends on a combination of 
factors, including saturation state of the parent solution (possibly including a nucleation 
threshold), steady sea level to build up sizable encrustation, and the presence of suitable 
nucleation supports. Though POS may not be currently precipitating, the findings of 
this study still allow conclusions to be drawn regarding the depositional environment 
of POS, as outlined below with regard to salinity, elemental ratios, and the possibility of 
precipitation under δ13C eqilibrium. 
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Csoma et al. (2006) used fluid inclusions in Pleistocene aragonite and calcite POS 
horizons to deduce the percent seawater composition of the precipitating solution; their 
interpretations regarding precipitation of aragonite do not match the results of this 
present study. In precipitates that formed at the air-water interface, Csoma et al. (2006) 
found that acicular aragonite precipitated from solutions of 30-50% seawater, while 
dendritic and microporous-bladed calcite precipitated from solutions of up to 60% 
seawater. The present study documented a solution of approximately 16% seawater in 
Vallgornera; the divergence between these two studies may be due to the restricted 
number of fluid inclusion samples assessed for aragonite, or the restricted number of 
present-day sampling sites available to monitor aragonite POS. It is likely that the 
higher Mg:Ca and Sr:Mg ratios measured in Vallgorera’s water enhance the 
precipitation of aragonite or inhibit the precipitation of calcite (Lippmann, 1973; 
Terakado and Taniguchi, 2006; Sunagawa et al., 2007).  
δ13CDIC values of water may be used to assess dynamics at the air-water interface 
and the relation of the parent solution to POS in each cave. The distribution of 
carbonate species is dependent upon pH (Stumm & Morgan, 1996; Appelo & Postma, 
2010); HCO3- is the dominant species of inorganic carbon in the intermediate pH range 
(6.4 – 10.3 pH) with smaller concentrations of H2CO3 and CO32- present (Table 4.5).  
Fractionation factors, α, and the distribution of stable isotopes between two 
species at equilibrium at a specified temperature, were converted to ε: 
         [Equation 4.5] !
€ 
ε = α −1( ) ×1000
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The measured δ13CDIC value and ε values (from empirically-derived α values for 
19°C, as referenced below) were used to compute the theoretical δ13C value for each 
inorganic carbon species present in the water, which are included in Table 4.5. The 
calculated concentrations of H2CO3 and CO32-, the measured alkalinity value (from 
Boop et al., 2014), and fractionation factors published by Mook et al. (1974) were used to 
calculate the δ13CHCO3-: 
 [Equation 4.6] 
The δ13CH2CO3 and δ13CCO32- were calculated using the δ13CHCO3- from Equation 4.6 and the 
fractionation factors published by Mook et al. (1974): 
                [Equation 4.7] 
                [Equation 4.8] 
To determine the theoretical value of δ13CCO2(g) in equilibrium with CO2 dissolved in the 
cave waters, the fractionation factor determined by Vogel et al. (1970) was used: 
                [Equation 4.9]    
The calculated δ13CCO2 in equilibrium with DIC in Vallgornera was -18.6‰ in the 
March 2013 sample (Table 4.5), which matches the median measured value. Thus, in 
March 2013 (when cave ventilation was the strongest), carbon isotopic equilibrium 
between cave water and cave air was maintained in Vallgornera. The situation is 
different in Drac, where the calculated δ13C value of CO2 in equilibrium with DIC 
!
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δ13CH2CO3 = δ13CHCO3− −εHCO3-↔CO2(aq)
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δ13CCO32− = δ
13CHCO3− −εCO32-↔HCO3-
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δ13CCO2(g) = δ13CH2CO3 +εCO2(g)↔CO2(aq)
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(-17.3‰) is much lower than the median value of cave air CO2 in the non-tourist section 
of the cave (-12.9‰). Thus, Drac air CO2 is sourced from both the water and the 
troposphere, facilitated by more efficient ventilation due to less constrictions and the 
large entrance. Mixing with tropospheric air masks the evidence of equilibrium 
degassing of CO2 in Drac. This relationship may be better defined when temperature-
driven cave ventilation ceases during the warmer months. 
Using the δ13CHCO3- calculated in Equation 4.6 and the fractionation factor 
published by Deines et al. (1974), the anticipated δ13CPOS was calculated: 
                [Equation 4.10] 
Assuming equilibrium fractionation, the range of expected δ13CPOS values is from 
-8.1 to -6.8‰ in Vallgornera and -9.0 to -6.8‰ in Drac (Table 4.5). Unfortunately, these 
predictions of δ13C values of calcium carbonate precipitated under equilibrium 
conditions  cannot  be  validated  because  no  POS  material  was  deposited  during the  
Table 4.5. Measured and theoretical δ13C values of cave air and water (DIC data from 
Boop et al., 2014). 
 
Sample [HCO3-] 
(µmol/kg) 
[H2CO3] 
(µmol/kg) 
[CO32-] 
(µmol/kg) 
δ13CDIC 
(‰) 
δ13CHCO
3
- 
(‰) 
δ13CCO
2(aq)
 
(‰) 
δ13CCO
3
2- 
(‰) 
δ13CCO
2(g)
 
(‰) 
δ13CPOS 
(‰) 
10/10/12 1890 104 13 -9.3 -8.8 -18.4 -8.4 -17.3 -6.8 
11/16/12 2120 96 18 -10.4 -10.0 -19.6 -9.6 -18.5 -8.0 
12/21/12 2421 61 36 -10.1 -9.9 -19.5 -9.5 -18.4 -7.9 
1/18/13 2075 83 20 -10.0 -9.6 -19.3 -9.2 -18.2 -7.6 
2/16/13 1942 54 26 -9.8 -9.5 -19.2 -9.1 -18.1 -7.5 V
al
lg
or
ne
ra
 
3/12/13 1795 63 20 -10.4 -10.1 -19.7 -9.7 -18.6 -8.1 
10/9/12 2095 168 11 -10.4 -9.6 -19.3 -9.2 -18.2 -7.6 
11/13/12 1996 84 19 -11.1 -10.7 -20.4 -10.3 -19.3 -8.7 
12/11/12 2040 99 17 -10.8 -10.3 -20.0 -9.9 -18.9 -8.3 
1/14/13 1958 42 37 -11.2 -11.0 -20.7 -10.6 -19.6 -9.0 
2/20/13 2159 41 46 -11.1 -10.9 -20.6 -10.5 -19.5 -8.9 
D
ra
c 
3/12/13 2082 111 17 -9.3 -8.8 -18.4 -8.4 -17.3 -6.8 
 
 
!
€ 
δ13CPOS = δ13CHCO3− −ε calcite↔HCO3-
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study period. However, the δ13C value from the MIS 1 speleothem from Vallgornera 
(-5.2‰) does not match the value expected for equilibrium fractionation, assuming that 
water samples collected during this study are representative of the parent solution that 
the POS precipitated from. POS δ13C values presented in Vesica et al. (2000) range from 
-10.60 to 1.58‰ for several caves, confirming variability based on the composition of the 
precipitating solution (namely marine contribution), and likely kinetic effects. 
 
Conclusions 
This geochemical and isotopic study allows the following conclusions pertaining 
to the formation of POS in Mallorca’s littoral caves:  
o The parent solution of POS is a mixture of meteoric water and marine 
groundwater. Based on IAEA precipitation data and mass-balance 
calculations, freshwater is almost exclusively recharged to the cave 
during large precipitation events, when evaporation is minimal. Water 
that slowly percolates through the overlying bedrock (<20 m) is 
18O-enriched relative to precipitation and cave water values, implying 
that water feeding stalactites and consequently freshwater gours is 
comprised, in part, of the residual water from evaporation.  
o Cave air pCO2 is a mixture of soil-respired CO2 from the 
decomposition of C3 plant material and CO2 from the troposphere.   
o In Vallgornera, δ13C in cave air and water are in isotopic equilibrium. 
This is promoted by slower degassing of CO2 from the water, due to 
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higher overall pCO2 in Vallgornera and less efficient ventilation. In 
Drac, degassing in isotopic equilibrium was not documented because 
of more efficient ventilation. It is likely that the increased air 
circulation in Drac encourages kinetic fractionation due to rapid 
degassing. 
o Water samples from Vallgornera contained higher Mg:Ca, Sr:Ca, and 
Sr:Mg ratios than those from Drac, while the same ratios in bedrock 
samples were lower at Vallgornera. It is likely that these constituents 
are contributed from more intense weathering at Vallgornera and/or 
from solutions originating at depth in the area known for its 
geothermal anomalies south of Llucmajor, which allowed for the 
precipitation of aragonite POS during MIS 1.  
Further work is necessary to better constrain the temporal and spatial variability 
of δ13CCO2 in cave air, how freshwater is introduced to the cave environment (including 
contributions from quickflow, matrix flow, and rising thermal water), and whether 
equilibrium precipitation of POS occurs.  
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CHAPTER 5: 
MOLECULAR ANALYSES OF MICROBIAL ABUNDANCE AND DIVERSITY IN 
THE WATER COLUMN OF ANCHIALINE CAVES IN MALLORCA, SPAIN 
 
Note to Reader 
This chapter was published in the International Journal of Speleology, 2014, 
43(2): 217-226. The first author is Damian M. Menning and third and fourth authors  are 
Elaina D. Graham and James R. Garey, respectively.  
 
Abstract 
Water column samples from the island of Mallorca, Spain were collected from 
one site in Cova des Pas de Vallgornera (Vallgornera) and three sites (Llac Martel, Llac 
Negre, and Llac de les Delícies) in Coves del Drac (Drac). Vallgornera is located on the 
southern coast of Mallorca approximately 57 km southwest of Coves del Drac. Drac is 
Europe’s most visited tourist cave, whereas Vallgornera is closed to the public. Water 
samples were analyzed for water chemistry using spectrophotometric methods, by 
quantitative PCR for estimated total abundance of microbial communities, and by 
length heterogeneity PCR for species richness and relative species abundance of 
Archaea, Bacteria, and microbial eukaryotes. Estimated total abundance was multiplied 
by relative species abundance to determine the absolute species abundance. All sites 
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were compared to determine spatial distributions of the microbial communities and to 
determine water column physical and chemical gradients. Water quality and 
community structure data indicate that both Drac Delícies and Drac Negre have distinct 
biogeochemical gradients. These sites have communities that are similar to Vallgornera 
but distinct from Drac Martel, only a few hundred meters away. Drac Martel is 
accessible to the general public and had the most dissimilar microbial community of all 
the sites. Similarities among communities at sites in Drac and Vallgornera suggest that 
these two spatially separated systems are operating under similar ecological constraints.  
 
Introduction 
Biological communities, especially microbial communities, are important because 
they help shape the geochemistry within cave systems (Lovley & Chapelle, 1995; 
Léveillé et al., 2007; Por, 2007). These communities may contribute to speleothem 
formation as seen by Curry et al. (2009) who found calcitic deposits in Cataract Cave, 
Alaska, that were intertwined with microbial filaments they considered as biologically-
influenced organominerals. These communities can also act as biological tracers in the 
same manner as stable isotopes to show hydrologic connections between systems (Ward 
& Palmer, 1994; Sanchez et al., 2002). Venarsky et al. (2009) found that the genetic 
structure of aquatic invertebrate populations within cave systems can be used to 
identify and prioritize geographic regions for conservation. Differences between 
microbial communities at different depths can be used to indicate the presence of 
geochemical gradients in the water column that help characterize the stability and 
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potential mixing of waters within individual cave systems (Gili et al., 1986; Torres-
Talamante et al., 2011).  
Molecular techniques such as DNA sequencing, length heterogeneity PCR (LH-
PCR), and quantitative PCR (q-PCR) (Suzuki et al., 1998; Ginzinger, 2002; Sogin et al., 
2006; Ducklow et al., 2011) have provided the means to estimate biological species 
richness and abundance in cave systems (Garman et al., 2011; Garey & Menning, 2012). 
Length heterogeneity PCR uses fluorescently labeled primers targeted to conserved 
regions that flank highly variable regions of genes such as the 16S rRNA gene. Different 
fragment lengths, as determined by gel electrophoresis, represent the 16S rRNA genes 
of different organisms. These data are used to estimate the relative abundance of species 
and species richness within a site and identify species that are present across sites. The 
method is fast, reproducible, and cost-effective, but does not provide as precise 
identification as DNA sequence analysis allows. Quantitative PCR can be used to 
estimate the amount of DNA in a sample using primers targeted to conserved regions of 
rRNA genes. These data can be used to estimate increases and/or decreases in the 
absolute size of a community (Lloyd et al., 2013). Length heterogeneity PCR and q-PCR, 
when combined, can provide an estimate of absolute species abundance in a sample. 
These techniques can be used to determine similarities and differences between 
communities at different depths in the water column of each site, between sites within 
an individual cave, and between cave systems.  
The purposes of this study are to: (1) describe the physical and chemical 
gradients that occur in the water columns of two cave systems on the Island of 
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Mallorca; (2) determine if microbial communities within these caves vary with the 
physical and chemical water gradients; and (3) characterize the differences in microbial 
communities with different levels of spatial separation.   
 
Methods 
Site Description 
Mallorca is the largest island in the Balearic Islands archipelago located off the 
eastern coast of Spain in the Mediterranean Sea. The coastal area of the island is 
approximately 45% karst limestone (Balaguer, 2005). Coves del Drac (Drac) is located on 
the eastern coast of the island under the town of Porto Cristo and contains three main 
galleries ending with brackish pools, Llac Martel, Llac Negre and Llac de les Delícies 
(hereafter Drac Martel, Drac Negre, and Drac Delícies). Cova des Pas de Vallgornera 
(Vallgornera) is located 57 km to the southwest of Drac on the southern coast under the 
town of Cala Pi (Fig. 5.1). Within Drac, the Llac Martel site is along a tourist route 
(Robledo & Duran, 2010), whereas the Llac Negre and Llac de les Delícies sites are not 
open to the public (Fig. 5.2). Vallgornera is not accessible to the general public. Both 
cave systems are anchialine, found in Upper Miocene rock, and are located in the 
subterranean mixing zone comprised of fresh groundwater and marine water from the 
Mediterranean Sea. These caves have submerged and dry passages (Ginés et al., 2012a). 
Samples were collected from the brackish water bodies within each cave.  
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Figure 5.1. Locations of Cova des Pas de Vallgornera and Coves del Drac in Mallorca, 
Spain. 
 
 
Figure 5.2. Map of Coves del Drac showing sample sites. Solid black lines designate 
cave boundaries, blue regions depict underground lakes and pools. Dotted lines show 
the tourist pathways (after Ginés & Ginés, 2007).  
 
Sampling 
Water column samples were collected from a single site in Vallgornera and from 
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the three sites in Drac (Figs. 5.1 and 5.2) in March 2013. Four replicates of 500 ml were 
collected at each location from three depths (the surface, 1 m, and 2 m) using a 1077 
Model JT-1 Water Sampler (LaMotte, USA). All samples were kept at 4°C until further 
processing. Concurrent with water column sampling, a HI 9828 Multiparameter Meter 
(Hanna Instruments, USA) was used to measure water temperature, dissolved oxygen, 
oxidation reduction potential (ORP), pH, salinity, and total dissolved solutes.  
 
Sample Processing 
All water column samples were filtered through 47 mm diameter 0.2 µm pore 
size filters (Millipore, USA). The filtered water was used for subsequent chemical 
analyses. The 47 mm filters were stored at -20°C until further processing. 
Microorganisms were extracted from the filters by scraping the filter with a sterile 
DNA-free spatula in 1.5 ml of pH 7 phosphate buffered saline, followed by 30 seconds 
of vortexing in a 15 ml conical tube. The filters were washed twice in this manner. DNA 
extractions were performed using an Ultraclean Fecal DNA Kit (MoBIO, USA) 
following the manufacturer’s protocols except that following the bead beating step the 
supernatant was split into two 400 µl aliquots and processed in parallel. The aliquots 
were recombined during the first spin filter step. DNA concentrations were determined 
using a Thermo Scientific Nanodrop 2000 Spectrophotometer (Fisher Scientific, USA).  
 
Water Chemistry 
Due to logistical constraints, only one water sample from each site and depth 
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was analyzed for chemical parameters. Nitrate, ammonia, sulfate, hardness, and 
phosphate concentrations were determined for each sample using a DR/2400 Portable 
Spectrophotometer (HACH, USA). Total alkalinity was measured with an Orion Total 
Alkalinity Test Kit (Thermo Fisher Scientific, USA).  
	  
Quantitative PCR 
Quantitative PCR was conducted on all samples to estimate the total abundance 
of Archaea, Bacteria (Olliver et al., 2014), and microbial eukaryotes in the water column 
using a Realplex2 Mastercycler (Eppendorf, USA). Fluorescent molecules are included 
in the PCR reaction mix to allow the quantification of amplified DNA fragments in real 
time. This allows the estimation of the quantity of original template DNA. The 16S 
(Giovannoni, 1991; Lane, 1991; Reysenbach & Pace, 1995; Baker et al., 2003) and 18S 
(Sogin & Gunderson, 1987) rRNA gene primers used for each domain are listed in Table 
5.1. Each reaction was performed in a 20 µL volume containing 2 µL of sample DNA,  
0.5 µL of each primer (10 mM), 10 µL of SYBR Premix Ex Taq II (Takara, USA), and 7 µL 
of nanopure water. The q-PCR reaction conditions were: initial denaturation at 95°C for 
30 seconds followed by 40 cycles of denaturing for 10 seconds at 95°C,  annealing  for  
20 seconds (see Table 5.1 for temperature used for each primer set), and  extension for 
45 seconds at 70°C. A positive control (DNA from pure microbial culture, see Table 5.1) 
and a negative control (no DNA) were run to verify PCR efficiency. Log-linear standard 
curves were made using five 1:10 serial dilutions of DNA of known concentration from 
control organisms from full concentration to 10-5 dilution (Table 5.1). Estimated total 
microbial abundance provided in this study was determined by comparing the cycle 
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threshold (Ct) values generated from the samples to a standard curve created at the 
same time from a pure culture of a known organism with a known DNA concentration 
and extrapolating the estimated total abundance from the standard curve.	  
	  
Length Heterogeneity PCR 
Length heterogeneity PCR is a molecular technique used to compare biological 
communities by determining the lengths of fragments generated from each microbial 
species in the samples. PCR primers were selected that amplify variable regions of the 
target 16S and 18S rRNA genes. Each fragment size is assumed to represent a unique 
species, both within a sample and across samples. This allows a rapid estimation of the 
microbial communities and the comparison of communities across sites. LH-PCR does 
not identify particular species and tends to underestimate species richness and 
overestimate relative species abundance (Marzorati et al. 2008). LH-PCR was conducted 
using an ABI 3130 4-capillary Genetic Analyzer (Applied Biosystems, USA). Ten ng of 
DNA were used as the template for each reaction. The 16S and 18S rRNA gene primers 
used for each domain are listed in Table 5.1. The forward primer of each set was labeled 
with a 56-FAM fluorescent tag. A positive control (DNA from a pure microbial culture, 
see Table 5.1) and negative control (no DNA) were run to verify PCR efficiency. Length 
heterogeneity PCR mixtures consisted of a 50 µL volume composed of 5 µl of 10X PCR 
Reaction Buffer (IDLabs, Canada), 1 µl of each primer solution (10 mM), 1 µl dNTP 
solution (10 mM), 0.25 µL Idproof DNA Polymerase (1.25 U) (IDLabs, Canada), 10 ng of 
DNA (volume varies with sample), and nanopure water to 50 µL. A T3 Thermocycler 
(Biometra, Germany) was programed for an initial denaturation of 120 seconds at 95°C 
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followed by 30 cycles of denaturation for 30 seconds at 95°C, annealing for 30 seconds 
(see Table 5.1 for temperature used for each primer set), and extension for 60 seconds at 
72°C.  A  final  extension  was carried  out for seven  minutes at 72°C. PCR products  
(0.5 µL) were denatured in 9.0 µl Hi-Di formamide  (Applied Biosystems, USA)  with  
0.5 µL GeneScan 600 LIZ internal size standard (Applied Biosystems, USA). Sample 
mixtures were heated for five minutes at 95°C, immediately placed in an ice bath for 
five minutes, and loaded on the genetic analyzer. Electropherograms were analyzed 
using Gene Mapper v4.0 (Applied Biosystems, USA). The expected amplicons contain 
two conserved flanking regions and two internal variable regions. Peaks from 
fragments of a size representing only the conserved flanking regions or less (250 bp for 
Archaea, 300 bp for Bacteria and microbial eukaryotes) were omitted from further 
analysis in order to only use fragments containing variable regions which represent 
unique species (Suzuki et al., 1998). Species richness was determined by counting the 
total number of peaks from each electropherogram. Relative species abundance of each 
peak was determined by dividing each individual peak area by the total area of all 
peaks in the sample used in the analysis to determine the proportion of each species in 
the sample. 
Table 5.1. List of primers used for LH-PCR and q-PCR with associated data.  
Primer Sequence (5’-3’) Regions Covered 
Annealing 
temp (°C) Positive Control 
Undiluted Concentration of 
Control Organism DNA 
Archaea 
A1098F  CNGGCAACGAGCGMGACCC  
UA1406R  AACRTGWGTGGCGGGCA  
7-8 50 Sulfolobus 
solfataricus 
278.8 ng/μL 
Bacteria 
27F AGAGTTTGATCCTGGCTCAG  
355R GCTGCCTCCCGTAGGAGT  
1-2 50 Escherichia coli 299.6 ng/μL 
Eukaryote 
1961F TGGTGCATGGCCGTTCTTAG  
2532R CGGTGTGTACAAAGGGCAGGG  
5-6 55 Caenorhabditis 
elegans 81.1 ng/μL 
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 Statistical Analysis 
Relative species abundance (LH-PCR) data was multiplied by estimated total 
abundance (q-PCR) data to calculate estimated absolute abundance. This dataset was 
analyzed by non-parametric multivariate analysis of multidimensional scaling (MDS) 
based on Bray-Curtis similarity using Primer v6 statistical software (Primer-E Ltd, UK). 
Least significant difference post-hoc tests were conducted on all estimated total 
abundance and species richness data to determine statistically significant differences 
(p<0.05) between samples at different depths at each site and between all sites using 
SPSS 20.0 (IBM, USA).  
 
Results and Discussion 
Physical and chemical parameters sampled at all sites and depths are shown in 
Fig. 5.3. Temperature, salinity, total dissolved solids, dissolved oxygen, hardness, ORP, 
and sulfate generally increase at all locations with increasing depth with a few 
exceptions. In contrast, two studies of anchialine water bodies in the caves of Mallorca 
(Carey et al., 2001; Sintes et al., 2004) found dissolved oxygen decreased with depth. 
Both of these studies also found that temperature and salinity increased with depth. The 
increases of salinity, dissolved oxygen, total dissolved solutes, sulfate, and temperature 
with depth observed in our study suggests that these caves have relatively warm 
oxygenated water entering the systems from below, presumably via salt water from the 
Mediterranean Sea.  
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Alkalinity, pH, and phosphate appeared to decrease at all locations with depth in 
our study. Žic et al. (2011) found similar patterns in anchialine caves in Croatia where 
phosphate  and  alkalinity  decreased  with  depth,  while pH decreased with depth to  
4-6 m then increased. In our study, nitrate and ammonia did not appear to change with 
depth in a consistent pattern, similar to Žic et al. (2011) who found that nitrate did not 
change with depth in January 2010 but decreased with depth in January and July of 
2009. They also found that ammonium did not change with depth in January 2010 but 
oscillated with depth in January and July of 2009.  
The chemical gradients seen in the caves in this study can be explained by 
overlying fresh water mixing with deeper Mediterranean-derived salt water. Carey et 
al. (2001) found that in some of the water bodies of the caves of Mallorca, the amount of 
freshwater changes with the amount of rainfall entering the caves. They did not find a 
clear halocline in Cala Varques ‘A’, which they attributed to brackish water entering the 
cave or possibly turbulent mixing of the overlying freshwater with the underlying 
saltwater but did find a halocline in Cova de na Barxa. They concluded that all the 
water bodies they studied showed similar chemical and physical profiles with increases 
of salinity and temperature and decreases of dissolved oxygen with depth. Some 
chemical constituents at the different sites in our study did not consistently follow the 
salt gradient as seen in Carey et al. (2001). Drac Negre had the lowest temperature 
compared to the other sites with a surface temperature 3-4°C below the other sites and 
2°C lower at a depth of 2 m. It also appeared to be an outlier in terms of salinity, total 
dissolved solutes, dissolved oxygen, sulfate, ammonia, and ORP at one or more depths 
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compared to the other sites (Fig. 5.3). This suggests that the water at Drac Negre has 
different inputs from that of the other sites. One possibility is that the Drac Negre site 
could be more strongly influenced by groundwater than the other sites which could 
explain the drop in dissolved oxygen content at the 1 m sample. The Drac Martel site 
appears to have the weakest salinity gradient from the surface to 2 m, suggesting that 
the water column is more mixed than the other sites. This could be due to the boat 
traffic transporting tourists across the water at Drac Martel (Fig. 5.2).  
 
Figure 5.3. Physical and chemical water profiles showing differences between sites by 
depth. Water temperature and salinity from Boop et al. (2014).  
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Total Abundance Estimated by q-PCR 
Estimated total abundance of microbes as determined by q-PCR is shown in 
Table 5.2. Archaea appear to have the highest concentration of DNA per liter at all sites 
representing 94.4-97% of each sample followed by bacterial DNA (3.0-5.6%) and 
microbial eukaryote DNA (0.0-1.1%). These differences could be due to the different 
PCR primer sets used for each domain (e.g. Archaea, Bacteria, Eukaryota) and primer 
efficiency could vary with different primer sets specific for the different domains (Lloyd 
et al., 2013). In a study of a hypersaline lake in Turkey, Mutlu et al. (2008) found similar 
results where Archaea also appeared to be the most prevalent component of the 
microbial community. In this study, comparisons of estimated total abundance between 
all  sites  and  depths  show  that  microbial  eukaryotes  had  the  highest  differences  
(235 fold). The absolute amounts of eukaryote DNA were so low that generally there 
were no significant differences among depths at each site. The eukaryote estimated total 
abundance was significantly higher in Drac Negre than the other three sites, including 
Vallgornera. Estimated total abundance of Bacteria varied 17 fold and Archaea eight 
fold. Vallgornera and Drac Negre showed an increase of estimated total prokaryote 
abundance with depth, whereas Drac Delícies showed a decrease with depth. In Drac 
Martel, estimated prokaryote abundance decreased from the surface to 1 m and then 
increased at a depth of 2 m. Archaea appear to be the most prevalent component of the 
water column community within the sampled caves.  
Least significant difference post-hoc tests of estimated total abundance between 
all   sites  are   shown  in   Table  5.3.   These   data  indicate  that  all   of  the   prokaryote  
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Table 5.2. Estimated  total  abundance  (average  amount  of  DNA)  as  determined  by  
q-PCR. 
Archaea Vallgornera Drac Negre Drac Delícies Drac Martel 
Depth (m) 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
0 175.78 42.78 396.62 224.72 1403.55 222.78 429.56 71.41 
-1 387.31 190.76 1769.48 1045.37 787.06 149.46 223.27 127.76 
-2 478.77 241.17 1753.42 712.63 283.67 151.98 421.82 179.29 
Bacteria Vallgornera Drac Negre Drac Delícies Drac Martel 
Depth (m) 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
0 6.07 1.95 15.44 8.63 82.82 12.39 15.05 3.71 
-1 14.57 8.25 93.23 50.75 36.52 6.66 7.38 4.71 
-2 19.15 10.91 103.28 36.10 11.06 6.37 13.05 8.45 
Eukaryote Vallgornera Drac Negre Drac Delícies Drac Martel 
Depth (m) 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
Ave DNA 
(ng/L) 
Std 
Dev 
0 0.17 0.16 4.70 3.21 0.22 0.15 0.03 0.03 
-1 0.05 0.03 2.98 5.22 0.14 0.09 0.02 0.01 
-2 0.11 0.14 0.55 0.54 0.05 0.04 0.04 0.03 
 
communities are significantly different from each other with an exception found 
between Drac Martel and Vallgornera. Conversely, the only differences observed 
between prokaryote communities were seen between Drac Negre and the other 3 sites. 
This suggests that the different parts of the Drac system may have become distinct 
niches with potentially unique communities. Culver (1970) found that three gammarid 
amphipods inhabiting cave streams separated into niches based on habitat conditions 
such as stream flow and substrate. While amphipods were not examined in our study, 
Culver’s study shows that biological communities can separate into distinct ecological 
niches within the same cave system as we found with the microbial communities. The 
estimated total abundance of Drac Martel was not significantly different from 
Vallgornera indicating that both systems may be operating under similar ecological 
constraints. Microbial eukaryotes in Drac Negre appeared to be significantly higher in 
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abundance than the three other sites indicating a separate niche environment within 
Drac Negre. 
 
Table 5.3. Least Significant Difference Post-Hoc showing statistically significant 
differences of estimated total abundance and species richness between sites.  
Estimated total abundance Significance 
Dependent variable (cave) Archaea Bacteria microbial eukaryotes 
Vallgornera Drac Negre 0.000 0.000 0.001 
Vallgornera Drac Delícies 0.016 0.007  
Vallgornera Drac Martel    
Drac Martel Drac Negre 0.000 0.000 0.001 
Drac Martel Drac Delícies 0.026 0.008  
Drac Negre Drac Delícies 0.020 0.019 0.001 
 
Species richness Significance 
Dependent variable (cave) Archaea Bacteria microbial eukaryotes 
Vallgornera Drac Negre 0.000   
Vallgornera Drac Delícies  0.000  
Vallgornera Drac Martel    
Drac Martel Drac Negre 0.000   
Drac Martel Drac Delícies  0.000  
Drac Negre Drac Delícies 0.000 0.000 0.042 
 
 
Least significant difference post-hoc tests of estimated total abundance by depth 
at each site (Table 5.4) show that Drac Martel did not have any significant differences 
between depths in estimated total abundance for any domain whereas Drac Delícies 
showed statistically significant differences of Archaea and Bacteria abundances between 
all depths and statistically significant differences of microbial eukaryote abundance 
from the surface to 2 m. It appears from both salinity measurements and estimated total 
abundance that the water column in Drac Martel is well mixed, probably due to boat 
traffic while Drac Delícies is relatively undisturbed allowing biological gradients to 
form. Vallgornera and Drac Negre both showed statistically significant differences in 
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Archaea and Bacteria abundance between the surface and 2 m but no differences 
between 1 m and 2 m. Drac Delícies was the only site that showed significant 
differences among depths for estimated total abundance of microbial eukaryotes. These 
data indicate that Drac Negre and Vallgornera have biological gradients that are less 
developed than Drac Delícies but more developed than Drac Martel. In a study of 
cavernicolous ciliates from anchialine water bodies in Mallorca, Carey et al. (2001) 
found that the populations were clearly stratified within them. Although ciliates were 
not specifically measured in our study, the universal eukaryotic primers we used for 
community structure analyses would include these organisms. 
Table 5.4. Least Significant Difference Post-Hoc showing statistically significant 
differences of estimated total abundance and species richness at each site between 
depths. 
Estimated total abundance Significance 
Dependent variable Depth (m) Vallgornera 
Drac 
Negre 
Drac 
Delícies 
Drac 
Martel 
0 1  0.023 0.000  
0 2 0.020 0.024 0.000  Archaea 
1 2   0.002  
0 1  0.011 0.000  
0 2 0.024 0.005 0.000  Bacteria 
1 2   0.002  
microbial eukaryotes 0 2   0.042  
 
Species richness Significance 
Dependent variable Depth (m) Vallgornera Drac Negre Drac Delícies Drac Martel 
Archaea 0 2 0.050   0.009 
0 1  0.000   
0 2  0.000 0.005  Bacteria 
1 2   0.040  
microbial eukaryotes - - - - - - 
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Species Richness Estimated by LH-PCR 
Average species richness among all sites as estimated by LH-PCR is shown in 
Table 5.5. Archaea had the highest species richness across all sites with an average of 16 
to 30.4 peaks per sample, followed by Bacteria (average of 1.0 to 25.2 peaks per sample), 
and microbial eukaryotes (average of 2.4 to 5.2 peaks per sample). Species richness 
either decreased or did not change with depth in Vallgornera, Drac Delícies, and Drac 
Martel, but increased with depth in Drac Negre. In a study of microbial communities 
inhabiting an anchialine sinkhole in Australia, Seymour et al. (2007) found that 
abundances of different groups of phytoplankton, Bacteria, and viruses varied with 
depth although concentrations were generally highest from the surface to 1 m. In our 
study, Drac Delícies was an exception where the number of bacterial peaks was much 
lower than the other sites although the number of archaeal and microbial eukaryote 
peaks were similar to those of the other sites. Considering that the amount of bacterial 
DNA from Drac Delícies samples was similar to other sites, but significantly lower in 
number of LH-PCR peaks, it appears that for some unknown reason, bacterial 
biodiversity at Drac Delícies is considerably less than the other sites.  
Least significant post-hoc tests of species richness between sites (Table 5.3) 
indicate that Drac Negre had significantly different species richness of Archaea from 
that of the other three sites while Drac Delícies had significantly different species 
richness of Bacteria. The species richness of microbial eukaryotes was significantly 
different only between Drac Delícies and Drac Negre. Similar analyses of species 
richness by depth (Table 5.4) showed statistically significant differences of Archaea at 
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Vallgornera and Drac Martel and of Bacteria at Drac Negre and Drac Delícies but no 
statistically significant differences were seen between microbial eukaryotes at any site. 
The unique archaeal communities in Drac Negre and the unique bacterial communities 
in Drac Delícies indicate a separation of biological communities into distinct niche 
habitats as was seen with gammarid amphipods in the study by Culver (1970). 
 
Table 5.5. Species richness (average number of peaks) as determined by LH-PCR. 
Archaea Vallgornera Drac Negre Drac Delícies Drac Martel 
Depth (m) Ave # peaks Std Dev Ave # peaks Std Dev Ave # peaks Std Dev Ave # peaks Std Dev 
0 20.60 2.51 25.75 2.99 21.60 2.61 24.25 1.50 
-1 19.40 2.88 28.00 4.53 21.20 2.28 19.25 3.86 
-2 16.00 4.36 30.40 3.36 21.75 4.03 14.25 6.08 
 
Bacteria Vallgornera Drac Negre Drac Delícies Drac Martel 
Depth (m) Ave # peaks Std Dev Ave # peaks Std Dev Ave # peaks Std Dev Ave # peaks Std Dev 
0 15.60 2.41 1.00 0.82 3.00 0.00 16.25 2.87 
-1 13.60 2.88 25.20 3.83 2.40 0.55 16.25 2.75 
-2 15.40 1.34 23.60 0.55 1.25 1.26 17.25 2.50 
 
Eukaryote Vallgornera Drac Negre Drac Delícies Drac Martel 
Depth (m) Ave # peaks Std Dev Ave # peaks Std Dev Ave # peaks Std Dev Ave # peaks Std Dev 
0 2.40 0.89 4.25 0.50 3.00 0.71 2.75 2.22 
-1 5.20 3.11 5.20 2.39 3.40 1.14 3.75 0.50 
-2 3.80 1.48 3.80 2.05 2.75 0.96 4.50 1.00 
 
 
Species Richness and Abundance 
Estimated total abundance analyses suggests that the archaeal communities are 
similar (species richness) at different depths but different in amount (estimated total 
abundance) within Drac Negre and Drac Delícies. These analyses also indicate that the 
species richness of bacterial communities at Drac Negre and Drac Delícies vary with 
depth in the same manner as estimated total abundance. Even though Drac Martel 
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showed no statistically significant differences of estimated total abundance between any 
depths for all domains, there was a statistically significant difference of species richness 
of Archaea between the surface and 2 m. Vallgornera showed a statistically significant 
difference in estimated total abundance of Archaea and Bacteria between the surface 
and 2 m and a statistically significant difference of species richness of Archaea between 
the surface and 2 m. Seymour et al. (2007) found that microbial populations can be 
stratified within anchialine sinkholes and that some populations are only found in 
specific zones determined by water chemistry. For example, they found that 
phytoplankton abundance was greatest within a layer with high ammonia 
concentrations and that bacterial abundance was greatest near a layer of hydrogen 
sulfide. In our study, no statistically significant differences of species richness of 
microbial eukaryotes were seen with depth at any site and there was only a statistically 
significant difference of estimated total abundance of microbial eukaryotes between the 
surface and 2 m at Drac Delícies. No difference in estimated total abundance and 
species richness could be due to the low values for microbial eukaryotes at all sites 
suggesting that microbial eukaryotes may not contribute to the biodiversity of these 
systems as much as Archaea and Bacteria although they may still play an important 
ecological role.  
 
Assessment of Microbial Communities 
Estimated total abundance and species richness do not tell the entire story. For 
example, the results of least significant difference post-hoc tests presented in Table 5.3 
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show that there are no significant differences in estimated total abundance or species 
richness between Vallgornera and Drac Martel for any domain even though there are 
clear differences in salinity, sulfate, and other chemical gradients between the two sites. 
Estimated total abundance (q-PCR) only estimates the size of the community while 
species richness (LH-PCR) only estimates the total number of different species in the 
community. Relative species abundance is the proportion of each species (e.g. LH-PCR 
peaks) present in each sample. Multi-dimensional scaling (MDS) plots allow a closer 
look at the communities by comparing both estimated total abundance and relative 
species abundance among samples as estimated absolute abundance (see Methods).  
The MDS plot displaying estimated absolute abundance data of the microbial 
communities at all sites and depths is shown in Fig. 5.4. It can be seen that the 
communities clearly separate into four distinct groups. Drac Martel appears to have a 
unique microbial community that is different from the other three sites. The Drac 
Martel samples from different depths grouped together, with a few outliers, suggesting 
a well-mixed water column. Conversely, the MDS plot suggests that at Drac Delícies, 
there is a biological gradient with depth because the surface samples are to the left of 
the Drac Delícies cluster, the 1 m samples are in the middle and the 2 m samples to the 
right. The 1 m and 2 m samples from Drac Negre are tightly clustered with the 1 m 
samples to the left and the 2 m samples to the right but the surface samples are to the 
far right and not in the cluster. The Vallgornera samples are cluster tightly together, 
with the 1 m and 2 m samples mostly together and the surface samples farther to the 
right. The grouping of Vallgornera samples includes samples from the surface of Drac 
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Negre and samples from 2 m of Drac Delícies. This could mean that similar 
communities are found within varying distances from each other, approximately 100 m 
between Drac Negre and Drac Delícies, and 57 km between Vallgornera and Coves del 
Drac. This finding suggests that these two spatially separated systems are operating 
under similar ecological constraints. In a study of cenotes and anchialine caves in the 
Yucatan Peninsula of Mexico, Sanchez et al. (2002) found similar results in that similar 
phytoplankton communities were found in systems approximately eight km apart. 
They suggest that the similarities seen between sites are due to a shared freshwater 
source. Future studies incorporating the complex hydrological framework underlying 
the island of Mallorca and microbial species information could possibly determine more 
conclusive microbial linkages between cave systems.  
 
Figure 5.4. Multidimensional scaling plot showing community structure distribution of 
all sites and depths. Symbols with the same shape, color, and number represent 
replicate samples. Numbers within each sample symbol refer to the depth at which the 
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sample was taken in meters. Lines around the data points indicate the percent similarity 
between samples contained within the line. 
 
The Drac Martel samples appear distinct from samples of other sites within the 
Drac system (Fig. 5.4) and may be a result of exogenous biota or increased nutrients 
brought in by human activities due to the development of the site as a tourist attraction. 
Ikner et al. (2007) found that the development of a cave in Arizona, USA for tourism led 
to an increase of organic carbon inputs to the areas most traveled, but also found that 
the placement of lights along the tourist path led to algal growth near the lights. They 
determined that Proteobacteria were the most abundant microbe on the tourist path 
whereas Firmicutes were the most abundant microbes in areas less impacted by 
tourism. While our study did not examine species information, our MDS plot suggests 
differences in microbial communities between the tourist and non-tourist areas within 
the pools in Drac and similarities between non-tourist areas of different cave systems.  
The MDS plots of microbial communities at each site by depth (Fig. 5.4) indicate 
varying degrees of biological gradation. Drac Delícies showed more biological 
gradation with depth than any of the other three sites whereas Drac Martel appeared to 
have no biological gradation. This most likely has to do with the amount of 
perturbation of the water column in Drac Martel due to tourist traffic. This analysis 
suggests that the drivers of microbial community gradation varied from site to site, and 
could be due to differences in the amount of mixing between fresh and salt water from 
different sources, freshwater inputs at Drac Negre, and/or water column mixing due to 
boat traffic at Drac Martel.  
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Conclusions 
This study documented distinct biogeochemical differences between each site 
and depth in sampled water columns from two caves. Some of the chemical gradients 
observed within the sampled caves can be explained by simple mixing of surface fresh 
water with Mediterranean-derived saltwater although data from Drac Negre indicates 
increased fresh groundwater input at that site. Not all chemical constituents followed a 
similar mixing pattern, indicating a complex hydrological model that needs further 
study. We found biological community differences with depth at all of the sites except 
for Drac Martel (Table 5.4). The biological gradients formed in Vallgornera, Drac Negre, 
and Drac Delícies are most likely due to the lack of water perturbation whereas the lack 
of biological gradients at Drac Martel is most likely due to mixing of the water by boat 
traffic. 
Estimated total abundance data suggests that Archaea are the most prevalent 
component of the microbial communities in the sampled cave systems. Microbial 
eukaryotes represent an order of magnitude fewer microbial organisms than Archaea 
suggesting that nutrient limitations and/or other environmental factors may play a role 
in their low abundance. At Drac Negre, which was the only site with significant 
amounts of microbial eukaryote DNA, there appears to be an inverse relationship 
between the amount of microbial eukaryote DNA and prokaryote DNA with depth, 
suggesting predation of microbial prokaryotes by eukaryotes. Estimated total 
abundance data also suggests biological gradations at all sites with depth except for at 
Drac Martel. Within Drac, the different pools appear to support vastly different 
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quantities of microbes. However, estimated total abundance data showed that there 
were no significant differences between Drac Martel and Vallgornera suggesting that 
these two sites may be operating under similar ecological constraints. 
Relative species abundance data suggests that Archaea have the highest species 
richness within the sampled cave systems while microbial eukaryotes had the lowest 
species richness, similar to the estimated total abundance results. Drac Delícies showed 
far lower bacterial species richness than the other sites. The unique archaeal 
communities in Drac Negre and the unique bacterial communities in Drac Delícies 
suggest a separation of biological communities into distinct niche habitats within the 
same cave system.  
The estimated absolute abundance data suggests that there are distinct 
communities inhabiting different ecological niches that may be dependent on chemical 
gradients  within  the  water  column.  Distinct  differences  in  both  water  chemistry 
(Fig. 5.3) and microbial communities (Table 5.3 and Fig. 5.4) are seen between all three 
sites within Drac despite their close proximity to each other. Drac Negre had the highest 
estimated total abundance of microbial eukaryotes of all the sites and was significantly 
different compared to the other three sites. The differences seen in the microbial 
communities of Drac may be due to freshwater inputs at Drac Negre and/or the 
introduction of exogenous biota and/or increased nutrients brought in by tourists in 
Drac Martel.  
Our findings suggest that Drac Negre and Vallgornera have biological gradients 
that are less developed than Drac Delícies, but more developed than Drac Martel, 
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suggesting differences in hydrological patterns between the systems. The MDS plot of 
estimated absolute abundance data shows a high degree of similarity between Drac 
Delícies, Drac Negre, and Vallgornera even though Vallgornera is approximately 57 km 
to the southwest. This suggests there could be a biological connectivity between the 
spatially disconnected cave systems found on the island of Mallorca. Long-term studies 
incorporating more detailed species information and hydrological characteristics of the 
caves on the island of Mallorca are needed to determine the extent of connections 
between the spatially separated systems. 
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